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Abstract
In the past decade many charmonium-like states were observed experimentally. Especially those charged charmonium-
like Zc states and bottomonium-like Zb states can not be accommodated within the naive quark model. These charged
Zc states are good candidates of either the hidden-charm tetraquark states or molecules composed of a pair of charmed
mesons. Recently, the LHCb Collaboration discovered two hidden-charm pentaquark states, which are also beyond
the quark model. In this work, we review the current experimental progress and investigate various theoretical inter-
pretations of these candidates of the multiquark states. We list the puzzles and theoretical challenges of these models
when confronted with the experimental data. We also discuss possible future measurements which may distinguish
the theoretical schemes on the underlying structures of the hidden-charm multiquark states.
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1. Introduction
1.1. Quark model and the multiquark states
Quantum Chromodynamics (QCD) is the underlying theory of strong interaction. According to QCD, quarks and
anti-quarks are in the fundamental representation of the non-Abelian SU(3) color gauge group while gluons belong to
the adjoint representation. The QCD Lagrangian reads
L = ψ¯i
(
iγµ(Dµ)i j − mδi j
)
ψ j − 14G
a
µνG
µν
a , (1)
where the covariant derivative is defined as
(Dµ)i j = ∂µδi j − igAaµT ai j . (2)
In Eq. (1), ψi(x) is the quark field, and Aaµ is the gluon field, both of which carry the color charge. γµ is the Dirac
matrix and T ai j = λ
a
i j/2 is the generator of the SU(3) gauge group.
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QCD has three important properties: asymptotic freedom, confinement, approximate chiral symmetry and its
spontaneous breaking. Quarks and gluons are confined within the mesons and baryons. Their color interactions
increase as the involved energy scale decreases. At the hadronic scale, QCD is highly non-perturbative due to the
complicated infrared behavior of the non-Abelian SU(3) gauge group.
At present it is still impossible for us to derive the hadron spectrum analytically from the QCD Lagrangian. Lattice
QCD was invented to solve QCD numerically through simulations on the lattice, which has proven very powerful in
the calculation of the hadron spectrum and hadronic matrix elements. Besides lattice QCD, many phenomenological
models with some kind of QCD spirit were proposed. Among them, the quark model may be the most successful
one, which categorizes hadrons into two families: mesons and baryons. The former are made of one quark and one
antiquark, and the latter are made of three quarks.
With the experimental progress in the past decade, dozens of charmonium-like XYZ states have been reported [1].
They provide good opportunities to identify tetraquark states, which are made of two quarks and two antiquarks. More-
over, the LHCb Collaboration recently observed two hidden-charm pentaquark resonances, Pc(4380) and Pc(4450),
in the J/ψp invariant mass spectrum [2]. They are good candidates of pentaquark states, which are made of four
quarks and one antiquark. We shall briefly review the experimental progress on these charmonium-like states and
hidden-charm pentaquark resonances in Sec. 2.
To study these tetraquark and pentaquark candidates, the traditional quark model as well as its updated version
seems to be incapable any more. Various theoretical frameworks were proposed to interpret these new multiquark
systems, such as the one-boson-exchange (OBE) model, the one-pion-exchange (OPE) model, the chiral unitary
model, the QCD sum rule, the chiral quark model, the diquark-antidiquark model etc. We shall briefly introduce these
models and review their applications on the hidden-charm pentaquark resonances in Sec. 3, and review the applications
of more theoretical frameworks on the charmonium-like states in Sec. 4. An outlook and a brief summary will be given
in Sec. 5.
1.1.1. Quark model
According to the traditional quark model, a meson is composed of a pair of quark and antiquark and a baryon is
composed of three quarks. Both mesons and baryons are color singlets. The quark in the quark model is sometimes
denoted as the constituent quark, which is different from the current quark in the QCD Lagrangian. For example, the
constituent up/down quark mass is about one third of the nucleon mass or one half of the ρ meson mass. At the energy
scale around 2 GeV, the up/down current quark mass is around several MeV.
Within the quark model, each quark carries the energy
√
m2 + p2, where m is the constituent quark mass and p
denotes its momentum. In the non-relativistic limit, the energy term is expanded as the sum of the mass and kinetic
energy. The inter-quark interactions include the linear confinement force and the one gluon exchange force. There
also exist various hyperfine interactions such as the spin-spin interaction, the color-magnetic interaction, the spin-orbit
interaction, and the tensor force etc. Up to now, nearly all the mesons and baryons can be classified within such a
simple quark model picture.
The discovery of J/ψ [3, 4] in 1974 inspired theorists to propose potential models [5, 6]. The mass spectrum of the
charmonium family was obtained by solving the Schro¨dinger equation. The hadron spectroscopy was reconsidered
in the framework of quark model [7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17]. In the following, we take the well-known
Godfrey-Isgur (GI) quark model as an example and introduce it briefly [17].
In the GI model [17], the interaction between the quark and antiquark is described by the Hamiltonian
H =
√
m21 + p2 +
√
m22 + p2 + Veff (p, r) , (3)
where the subscripts 1 and 2 denote the quark and the antiquark, respectively. Veff(p, r) is the effective potential of
the qq¯ system, and contains the short-distance one-gluon-exchange interaction and the long-distance linear confining
interaction. The latter was at first employed by the Cornell group and later confirmed by the lattice QCD simulations.
Veff(p, r) is obtained from the on-shell qq¯ scattering amplitudes in the center-of-mass (CM) frame [17]. In the
non-relativistic limit, Veff(p, r) is transformed into the standard non-relativistic potential Veff(r):
Veff(r) = Hconf + Hhyp + HSO . (4)
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The first term Hconf includes the spin-independent linear confinement and Coulomb-type interactions
Hconf = −
[
3
4
c +
3
4
br − αs(r)
r
]
F1 · F2 , (5)
the second term Hhyp is the color-hyperfine interaction
Hhyp = − αs(r)
m1m2
[
8pi
3
S1 · S2δ3(r) + 1r3
(3S1 · rS2 · r
r2
− S1 · S2
)]
F1 · F2 , (6)
and the third term HSO is the spin-orbit interaction
HSO = HSO(cm) + HSO(tp) , (7)
where HSO(cm) is the color-magnetic term and HSO(tp) is the Thomas-precession term, i.e.,
HSO(cm) = −αs(r)
r3
(
1
m1
+
1
m2
) (
S1
m1
+
S2
m2
)
· L F1 · F2, (8)
HSO(tp) =
−1
2r
∂Hconf
∂r
(
S1
m21
+
S2
m22
)
· L. (9)
In the above expressions, S1/S2 denotes the spin of the quark/antiquark and L is the orbital momentum between the
quark and the antiquark. F is related to the Gell-Mann matrix, F1 = λ1/2 and F2 = −λ∗2/2. Especially, we have〈F1 · F2〉 = −4/3 for the mesons.
The relativistic effects were also taken into account in the GI model. More details of the GI model can be found
in Appendices of Ref. [17]. The GI quark model was very successful in the description of the spectrum and static
properties of the mesons and baryons.
1.1.2. Exotic states and multiquark states
According to the quark model, the parity for a meson is P = (−)L+1 and the C-parity for a neutral meson C =
(−)L+S , where L and S are the orbital and spin angular momentum, respectively. The allowed JPC reads: 0−+, 0++,
1−−, 1+−, 1++, · · · . In contrast, a conventional qq¯ meson in the quark model can not carry the following quantum
numbers: 0−−, 0+−, 1−+, 2+−, · · · . States with these JPC quantum numbers are beyond the naive quark model, which
are sometimes denoted as exotic or non-conventional states. Different from the meson case, the qqq baryon in the
quark model can exhaust all the JP quantum numbers, i.e., JP = 12
±
, 32
±
, 52
±
, · · · .
However, the constituent quark model can not be derived rigorously from QCD. The quark model spectrum is not
necessarily the same as the QCD hadron spectrum. QCD may allow a much richer hadron spectrum.
In fact, at the birth of the quark model [18, 19], Gell-Mann and Zweig proposed not only the existence of the qq¯
mesons and qqq baryons but also the possible existence of the qq¯qq¯ tetraquarks and qqqqq¯ pentaquarks. The concept
of the multiquarks was proposed even before the advent of quantum chromodynamics (QCD)!
In Ref. [18], M. Gell-Mann wrote: “Baryons can now be constructed from quarks by using the combinations
(qqq), (qqqqq¯), etc., while mesons are made out of (qq¯), (qqq¯q¯), etc.”
In Ref. [19], G. Zweig also wrote: “In general, we would expect that baryons are built not only from the product
of these aces, AAA, but also from A¯AAAA, A¯A¯AAAAA, etc., where A¯ denotes an anti-ace. Similarly, mesons could be
formed from A¯A, A¯A¯AA, etc.”
The multiquarks can be further classified into tetraquarks (qqq¯q¯), pentaquarks (qqqqq¯), dibaryon (qqqqqq) and
baryonium (qqqq¯q¯q¯) etc. Jaffe studied the tetraquark states within the framework of the MIT bag model in 1976 [20,
21]. This subject was later studied by Chan and Hogaasen [22], and many other theorists. The tetraquark states
containing heavy quarks were investigated by Chao in 1979 [23, 24]. The pentaquarks (qqqqq¯) composed of light
quarks were investigated by Hogaasen and Sorba [25] in 1978 and Strotmann in 1979 [26]. The name “pentaquark”
was first proposed by Lipkin in 1987 [27]. Two groups studied possible pentaquarks containing one charm quark in
1987 [28, 27].
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In 2003, the LEPS Collaboration announced the observation of the Θ pentaquark which is composed of uudds¯
[29]. However, this state was not confirmed by the subsequent more advanced experiments [30].
Jaffe also discussed the H-dibaryon, where six light quarks uuddss are confined within one MIT bag [31]. In
nature there exists the deuteron which is also composed of six light quarks (see discussions in Refs. [32, 33]). The
difference between the dibaryon and deuteron lies in their color configurations. Within the deuteron, there are two
quark clusters, both of which are color singlets. For the dibaryon, one expects six quarks within one cluster.
In QCD, the gluons not only mediate the strong interaction between quarks but also interact among themselves
since they carry color charges. Two or more gluons may form the color singlet, which is called the glueball. One
or more gluons may interact with a pair of quark and antiquark to form the hybrid meson. The hybrid mesons or
tetraquark states or the glueballs can carry all the so-called exotic JPC quantum numbers in the quark model. Strictly
speaking, there does not exist any exotic quantum number from the viewpoint of QCD. One can construct color-
singlet local operators to verify that these quantum numbers are allowed in QCD. We shall illustrate this point in
the following sections. Throughout this review, either the word “exotic” or “non-conventional” should be understood
within the context of the quark model.
1.1.3. Comparison of QED and QCD and their spectrum
Quantum Electrodynamics (QED) is very different from QCD. The gauge group of QED is U(1). The photon
mediates the electromagnetic interactions between charges. However, the photon is neutral and does not carry charge.
There does not exist the photon self-interaction. We do not have the analogue of the glueball and hybrid meson in
QED. Instead there are free electrons and photons while all quarks and gluons are confined within the hadrons.
Except the above big difference, it’s intriguing to notice the similarity between QED and QCD. In the following,
we compare the well-known bound states in QED and possible hadrons in QCD. In QED we have the bound states
composed of e+e−, µ+µ−, µ+e−. In QCD we have the light mesons composed of qq¯, ss¯, sq¯, where q = u, d is the
up/down quark, and s is the strange quark. For the hydrogen atom in QED, the electron circles around the proton. For
the heavy-flavored meson/baryon in QCD, the light quarks circle around the heavy charm or bottom quark.
In QED there exist the bound states composed of e+e−e+e− and e+e−µ+µ− [34, 35]. In QCD some of the scalar
mesons below 1 GeV may have the flavor configurations qq¯qq¯ and qq¯ss¯. In QED we have the hydrogen molecule
where two electrons are shared by the two protons and the valence bond binds this system tightly. In QCD we may
expect the qQ¯qQ¯ and q¯QqQ¯ tetraquark states within one MIT bag, where the two light quarks are shared by the two
heavy quarks.
In QED there exist many molecules which are loosely bound by the van der Vaals force. The van der Vaals force
is nothing but the residual electromagnetic force arising from the two-photon exchange process in QED. In QCD we
have the deuteron which is the hadronic molecular state bound by the meson exchange force. At the quark-gluon
level, the meson exchange force is the residual strong interaction force arising from the gluon and quark exchange
process. In QCD we may also expect other loosely bound deuteron-like molecular states composed of two heavy
flavored hadrons.
1.2. General status of hadron spectroscopy
Although most of the observed hadrons can be classified as the ordinary qq¯ mesons and qqq baryons, there have
been huge theoretical and experimental efforts to search for the candidates of the exotic hadrons. These exotic states
encode important information of QCD. For example, the identification of the glueballs and hybrid mesons will estab-
lish the direct evidence of the dynamical role of the gluons in the low energy sector.
The exotic JPC quantum numbers provide a convenient handle in the search of the nonconventional states. If a
resonance decays into the final state with JPC = 1−+, the parent resonance is a good candidate of the hybrid meson.
On the other hand, the exotic flavor quantum number is also a valuable asset in the experimental search of the
exotic states. If the resonance carries the isospin I = 2 or a meson has an isospin I = 3/2, it may be a multiquark
candidate. For the Θ resonance, its baryon number is 1 and strangeness S = +1. Hence, it must be a candidate of
pentaquarks.
Some hadrons do not have exotic JPC or flavor quantum numbers. But they may have exotic color or flavor
or spatial configurations. These states can be searched for through the overpopulation of the quark model spectrum.
Sometimes the deviation from the quark model predictions of their masses, decay widths, various reactions, production
and decay behaviors may also provide insightful clues in the search of the exotic states.
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Let’s take the JPC = 0++ scalar isoscalar mesons as an example. Below 2 GeV, we have σ, f0(980), f0(1370),
f0(1500), f0(1710), f0(1790), f0(1810) [1]. Within the quark model, there are only four scalar isoscalar mesons
within this mass range even if we consider the radial excitations. Clearly there is serious overpopulation of the scalar
spectrum. The quark content of some of the above states can not be qq¯. Overpopulation of the spectrum provides
another useful window in the experimental search of the non-conventional states.
Let’s move on to the nine scalar mesons below 1 GeV, which play a fundamental role in the spontaneous breaking
of the chiral symmetry in QCD. The scalar meson carries one orbital excitation. Hence, its mass is expected to be
several hundred MeV higher than the ρ meson mass in the quark model. Either lattice QCD simulation or other
theoretical approaches indicates the L = 1 qq¯ state lies around 1.2 GeV. Within the quark model, the f0(980) meson
with the quark content ss¯ should be 200 ∼ 300 MeV heavier than the a0(980) with the quark content qq¯. However,
they are almost degenerate in reality. The unusual low mass of the scalar nonet and the abnormal mass ordering of the
f0(980) and a0(980) are two puzzles in the quark model. In contrast, both puzzles can be solved very naturally if the
scalar mesons belong to the tetraquark nonet [21, 36]. The chiral unitary approach for the interaction of pseudoscalar
mesons may also give rise to these structures [37, 38, 39].
Since 2003, many charmonium-like states have been observed through B meson decays, the initial state radiation
(ISR), double charmonium production, two photon fusion, and excited charmonium or bottomonium decays. Some
of them do not fit into the quark model spectrum easily and are proposed as the candidates of the hidden-charm
exotic mesons, including the di-meson molecular states, tetraquarks, hybrid charmonium states and conventional
charmonium states distorted by the coupled-channel effects, etc. Molecular states are loosely bound states composed
of a pair of heavy mesons. They are probably bound by the long-range color-singlet pion exchange. Tetraquarks are
bound states of two quarks and two antiquarks, which are bound by the colored force between quarks and antiquarks.
There are many states within the same tetraquark multiplet. Some members are charged or even carry strangeness.
Hybrid charmonia are bound states composed of a charm quark-antiquark pair and one excited gluon.
In this review, we focus on the recent experimental and theoretical progress on the hidden-charm multiquark
systems such as hybrid charmonia, hidden-charm tetraquarks, hidden-charm pentaquarks, and hadronic molecules
composed of a pair of heavy-flavored hadrons. Interested readers may also consult reviews in Refs. [40, 41, 42, 43,
44, 45, 46, 47, 48, 49, 50, 51, 52, 53, 54, 55, 56, 57, 58, 59, 39].
2. Experimental progress on the hidden-charm multiquark states
2.1. The Charmonium-like XYZ states
With the experimental progress, the family of the charmonium-like states has become more and more abundant. To
date, dozens of charmonium-like states have been observed by several major particle physics experimental collabora-
tions such as CLEO-c, BaBar, Belle, BESIII, CDF, DØ, LHCb, CMS and so on. Since 2003, these collaborations have
been continuing to surprise us with novel discoveries, which have inspired theorists’ extensive interests in exploring
the underlying mechanism behind those exotic phenomena. As one of the most important issues in hadron physics,
the study of the charmonium-like states provides us a good chance to deepen our understanding of the complicated
non-perturbative behavior of QCD in the low energy regime. Especially, investigations of the underlying structures
of the charmonium-like states may help us to understand the mechanism of the confinement and chiral symmetry
breaking better.
All the above major particle physics experimental collaborations have contributed to the observations of the
charmonium-like states. Before reviewing the experimental status of the charmonium-like states, we would like
to introduce the collaborations briefly:
1. CLEO-c: CLEO-c was the experiment at the Cornell Electron Storage Ring (CESR) located at Wilson Lab-
oratory of Cornell University. As the upgrade of CLEO, the CLEO-c experiment ran at lower energies and
carried out the study of charmonia and charmed mesons due to the competition from two B factories BaBar
and Belle. The CLEO-c experiment confirmed the observation of the Y(4260) [60]. Although CLEO-c finished
data-collecting on 3 March 2008, the accumulated CLEO-c data was applied to confirm the observation of the
charged charmonium-like structure Zc(3900) [61].
2. BaBar: As one of the two B factories, the BaBar experiment was designed to study CP violation in the B meson
system. Its detector was located at SLAC National Accelerator Laboratory, which ceased operation on 7 April
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2008. However, its data analysis is still ongoing. Due to the development of the Initial State Radiation (ISR)
technique, the BaBar experiment also focused on the study of charmonia and charmonium-like states. In the
past decade, BaBar has played a crucial role in the discoveries of many charmonium-like states. For example,
BaBar first observed the famous Y(4260) in the e+e− → J/ψpi+pi− process [62].
3. Belle: As the other B factory, the Belle experiment was located at the High Energy Accelerator Research
Organization (KEK), which was also set up to study CP violation in the B meson system. As a byproduct, the
Belle Collaboration discovered many charmonium-like states. For example, Belle reported the observation of
the X(3872) in 2003 [63], which is the first member in the family of the charmonium-like states. Although Belle
finished its data-taking on 30 June 2010, its data analysis is going on.
4. BESIII: BESIII is the experiment at Beijing Electron-Positron Collider II (BEPC II), located at Institute of
High Energy Physics (IHEP). Since its center of mass energy can go up to 4.6 GeV, the BESIII experiment has
become an ideal platform to explore the charmonium-like states. In 2013, BESIII announced the observation of
the charged charmonium-like structure Zc(3900) [64].
5. CDF and DØ: CDF and DØ were the two particle experiments located at the Tevatron at Fermilab. They
discovered the top quark in 1995 [65, 66]. The CDF and DØ experiments both confirmed the X(3872) [67, 68].
The CDF Collaboration also reported the charmonium-like state Y(4140) [69].
6. LHCb: As one of seven particle physics experiments at the Large Hadron Collider (LHC) at CERN, the LHCb
experiment focuses on B-physics. LHCb also studies the productions of the charmonium-like states through the
direct pp collisions and the B meson decays. For example, the LHCb Collaboration measured the spin-parity
quantum number of the X(3872) [70].
7. CMS: CMS is another important experiment at LHC at CERN. The CMS and ATLAS collaborations discovered
the Higgs Boson in July 2012 [71, 72]. In recent years, CMS also contributed to the search of the charmonium-
like states such as the X(3872) [73] and the Y(4140) [74].
Figure 1: (Color online) The logos of the experimental collaborations which contributed to the observation of the charmonium-like states.
In Fig. 1, we collect Logos of these experimental collaborations which have contributed to the observations of the
charmonium-like states.
According to the different production mechanisms, all the observed charmonium-like states can be categorized into
five groups as shown in Fig. 2. The states collected in the first, second, third, and fourth columns are produced via the
B meson decays, initial state radiation technique (ISR) in the e+e− annihilation, the double charmonium production
processes, and two photon fusion processes, respectively. The Zc(3900)/Zc(4025)/Zc(3885)/Zc(4200) listed in the
fifth column are produced from the hadronic decays of the Y(4260).
2.1.1. XYZ states produced through B meson decays
2.1.1.1. X(3872). The X(3872) resonance was first observed by the Belle Collaboration in 2003 [63]. Since its
discovery, its existence was confirmed by many subsequent experiments [75, 76, 77, 78, 79, 80, 67, 81, 82, 83, 68, 84,
85, 86, 87, 88, 89, 90, 91, 70, 92, 73, 93] as shown in Fig. 3. Despite the huge experimental efforts, we still do not
fully understand its nature.
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Figure 2: (Color online) Five groups of the charmonium-like states corresponding to five production mechanisms.
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Figure 3: (Color online) The beam-energy constrained mass Mbc =
√
(ECMbeam)
2 − (pCMB )2 (left), the pi+pi−J/ψ invariant mass (middle), and the
energy difference ∆E = ECMB − ECMbeam (right) for the X(3872)→ pi+pi−J/ψ signal region, from Belle [63].
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Figure 4: (Color online) Distribution of the test statistic t for the simulated experiments with JPC = 2−+ and 1++, from LHCb [70], with tdata the
value of the test statistic for the data.
The mass and width of the X(3872) from different experiments are summarized in Table 1. A fit to these parameters
yields an average mass (3871.69 ± 0.17) MeV [1] and a width < 1.2 MeV at 90% C.L. [80]. Its mass is extremely
close to the D0D¯∗0 mass threshold, (3871.81±0.09) MeV. We also collect its productions and decay modes in Table 1.
The X(3872) was mostly observed in the B meson decay process B±,0 → K±,0(S ) X(3872) with the X(3872) decaying
into pi+pi−J/ψ. The X(3872) was also produced in pp¯ annihilations, pp collisions, and e+e− annihilations (possibly
through the Y(4260), see Sec. 2.1.2.1) and decays into D∗0D¯0, D0D¯0pi0, γJ/ψ, γψ(3686), and ωJ/ψ with ω decaying
into pi+pi−pi0. Its quantum numbers have been studied by Belle, BaBar and CDF, and determined to be IG JPC = 0+1++
by the recent LHCb experiment [70], as shown in Fig. 4.
Besides the resonance parameters listed in Table 1, these experiments provided many branching fractions. They are
also useful experimental information, and we summarize some of them in Table 2. Particularly, we list the following
isospin-violating branching fractions
Γ(X → pi+pi−pi0J/ψ)
Γ(X → pi+pi−J/ψ) = 1.0 ± 0.4 ± 0.3 , (10)
Γ(X → ωJ/ψ)
Γ(X → pi+pi−J/ψ) =
 0.7 ± 0.3 for B
+ events
1.7 ± 1.3 for B0 events
, (11)
which were observed by Belle [75] and BaBar [90], respectively.
The difference between B0 → K0X and B± → K±X also attracted much experimental interest. The Belle Col-
laboration measured the ratio of branching fractions Γ(B0 → K0X)/Γ(B+ → K+X) to be (0.82 ± 0.22 ± 0.05) [77],
(1.26±0.65±0.06) [78] and (0.50±0.14±0.04) [80], and the mass difference between the X(3872) states produced in B+
and B0 decay to be δM = M(B+→K+X)−M(B0→K0X) = (0.18±0.89±0.26) MeV [77] and (−0.69±0.97±0.19) MeV [80],
while the BaBar Collaboration measured this ratio to be (0.50±0.30±0.05) [85], and (0.41±0.24±0.05) [88], and this
mass difference to be (2.7±1.3±0.2) MeV [85] and (2.7±1.6±0.4) MeV [88], where we have assumed experimental
results from B+ and B− are the same.
Besides the above observations, the X(3872) resonance was not seen (all values are given at 90% confidence level
(C.L.).):
1. in the γχc1 decay mode in Belle [63], and the upper limit was measured to be
Γ(X(3872)→ γχc1)
Γ(X(3872)→ pi+pi−J/ψ) < 0.89 . (12)
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Table 1: The resonance parameters of the X(3872) and its observed productions and decay channels. Here the X(3872) is abbreviated as X.
Experiment Mass [MeV] Width [MeV] Productions and Decay Modes JPC
Belle [63] 3872 ± 0.6 ± 0.5 < 2.3 B→ KX(→ pi+pi−J/ψ)
Belle [75] – – B→ KX(→ γJ/ψ , ωJ/ψ→ pi+pi−pi0J/ψ) C = +1
Belle [76] 3875.4 ± 0.7+0.4−1.7 ± 0.9 – B→ KX(→ D0D¯0pi0) 1++/2++
Belle [77] 3871.46 ± 0.37 ± 0.07 – B→ KX(→ pi+pi−J/ψ)
Belle [78] 3872.9+0.6−0.4
+0.4
−0.5 3.9
+2.8
−1.4
+0.2
−1.1 B→ KX(→ D∗0D¯0)
Belle [79] – – B→ KX(→ γJ/ψ)
Belle [80] 3871.84 ± 0.27 ± 0.19 < 1.2 B→ KX(→ pi+pi−J/ψ)
CDF [67] 3871.3 ± 0.7 ± 0.4 – pp¯→ anything + X(→ pi+pi−J/ψ)
CDF [81] – – pp¯→ anything + X(→ pi+pi−J/ψ) C = +1
CDF [82] – – pp¯→ anything + X(→ pi+pi−J/ψ) 1++/2−+
CDF [83] 3871.61 ± 0.16 ± 0.19 – pp¯→ anything + X(→ pi+pi−J/ψ)
DØ [68] 3871.8 ± 3.1 ± 3.0 – pp¯→ anything + X(→ pi+pi−J/ψ)
BaBar [84] 3873.4 ± 1.4 – B− → K−X(→ pi+pi−J/ψ)
BaBar [85] 3871.3 ± 0.6 ± 0.1 < 4.1 B− → K−X(→ pi+pi−J/ψ)
3868.6 ± 1.2 ± 0.2 – B0 → K0X(→ pi+pi−J/ψ)
BaBar [86] – – B→ KX(→ γJ/ψ) C = +1
BaBar [87] 3875.1+0.7−0.5 ± 0.5 3.0+1.9−1.4 ± 0.9 B→ KX(→ D¯∗0D0)
BaBar [88] 3871.4 ± 0.6 ± 0.1 < 3.3 B+ → K+X(→ pi+pi−J/ψ)
3868.7 ± 1.5 ± 0.4 – B0 → K0X(→ pi+pi−J/ψ)
BaBar [89] – – B→ KX(→ γJ/ψ , → γψ(3686))
BaBar [90] 3873.0+1.8−1.6 ± 1.3 – B→ KX(→ ωJ/ψ→ pi+pi−pi0J/ψ) 2−
LHCb [91] 3871.95 ± 0.48 ± 0.12 – pp→ anything + X(→ pi+pi−J/ψ)
LHCb [70] – – pp→ anything + X(→ pi+pi−J/ψ) 1++
LHCb [92] – – pp→ anything + X(→ γJ/ψ , → γψ(3686))
CMS [73] – – pp→ anything + X(→ pi+pi−J/ψ)
BESIII [93] 3871.9 ± 0.7 ± 0.2 < 2.4 e+e−[→ Y(4260)]→ γX(→ pi+pi−J/ψ)
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Table 2: Some product branching fractions of the X(3872) resonance. Here, the X(3872) is abbreviated as X.
Experiment Product Branching Fractions
Belle [63] B(B
+→K+X)×B(X→pi+pi−J/ψ)
B(B+→K+ψ(3686))×B(ψ(3686)→pi+pi−J/ψ) = 0.063 ± 0.012 ± 0.007
Belle [75] B(B→ KX) × B(X → γJ/ψ) = (1.8 ± 0.6 ± 0.1) × 10−6
Belle [76] B(B→ KD0D¯0pi0) = (1.27 ± 0.31+0.22−0.39) × 10−4, near X threshold
Belle [78] B(B→ KX) × B(X → D∗0D¯0) = (0.80 ± 0.20 ± 0.10) × 10−4
Belle [79] B(B+ → K+X) × B(X → γJ/ψ) = (1.78+0.48−0.44 ± 0.12) × 10−6
Belle [80] B(B+ → K+X) × B(X → pi+pi−J/ψ) = (8.61 ± 0.82 ± 0.52) × 10−6
BaBar [84] B(B− → K−X) × B(X → pi+pi−J/ψ) = (1.28 ± 0.41) × 10−5
BaBar [85] B(B0 → K0X) × B(X → pi+pi−J/ψ) = (5.1 ± 2.8 ± 0.7) × 10−6
B(B− → K−X) × B(X → pi+pi−J/ψ) = (10.1 ± 2.5 ± 1.0) × 10−6
BaBar [86] B(B+ → K+X) × B(X → γJ/ψ) = (3.3 ± 1.0 ± 0.3) × 10−6
BaBar [88] B(B+ → K+X) × B(X → pi+pi−J/ψ) = (8.4 ± 1.5 ± 0.7) × 10−6
B(B0 → K0X) × B(X → pi+pi−J/ψ) = (3.5 ± 1.9 ± 0.4) × 10−6
BaBar [89] B(B± → K±X) × B(X → γJ/ψ) = (2.8 ± 0.8 ± 0.1) × 10−6
B(B± → K±X) × B(X → γψ(3686)) = (9.5 ± 2.7 ± 0.6) × 10−6
BaBar [90] B(B+ → K+X) × B(X → ωJ/ψ) = (0.6 ± 0.2 ± 0.1) × 10−5
B(B0 → K0X) × B(X → ωJ/ψ) = (0.6 ± 0.3 ± 0.1) × 10−5
LHCb [91] σ(pp→ anything + X) × B(X → pi+pi−J/ψ) = (5.4 ± 1.3 ± 0.8) nb, for 5 < pT < 20 GeV
CMS [73] σ(pp→ anything + X) × B(X → pi+pi−J/ψ) = (1.06 ± 0.11 ± 0.15) nb, for 10 < pT < 30 GeV
BESIII [93] σB(e+e− → γX) × B(X → pi+pi−J/ψ) = (0.33 ± 0.12 ± 0.02) nb, at √s = 4.260 GeV
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2. in the ηJ/ψ decay mode in BaBar [94], and the upper limit was measured to be
B(B± → K±X(3872)) × B(X(3872)→ ηJ/ψ) < 7.7 × 10−6 . (13)
3. in the γψ(3686) decay mode in Belle [79], and the upper limit was measured to be
Γ(X(3872)→ γψ(3686))
Γ(X(3872)→ γJ/ψ) < 2.1 . (14)
However, both the BaBar and LHCb experiments observed this decay mode, and this branching fraction was
measured to be (3.4 ± 1.4) [89] and (2.46 ± 0.64 ± 0.29) [92], respectively.
Another useful upper limit is
B(B± → K±X(3872)) < 3.2 × 10−4 , (15)
which was given by the BaBar Collaboration at 90% C.L. [95].
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Figure 5: The ωJ/ψ invariant mass spectrum of B→ KωJ/ψ from Belle [96].
2.1.1.2. Y(3940). The charmonium-like state Y(3940) was firstly reported by the Belle Collaboration in the ωJ/ψ
invariant mass distribution in the exclusive B → KωJ/ψ decay in 2004 [96], as shown in Fig. 5. Its statistical
significance was estimated to be greater than 8σ, and its mass and width were measured to be M = (3943 ± 11 ± 13)
MeV and Γ = (87± 22± 26) MeV, respectively. This mass value is very close to that of the X(3940) resonance, which
was observed in the double charmonium production and will be discussed in Sec. 2.1.3.1. The Belle Collaboration
also measured the product of branching fractions, i.e.,
B(B→ KY(3940)) × B(Y(3940)→ ωJ/ψ) = (7.1 ± 1.3 ± 3.1) × 10−5 . (16)
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Later, the BaBar Collaboration confirmed this observation in the same process with a lower mass. In 2007, its mass
and width were measured to be M = (3914.6+3.8−3.4 ± 2.0) MeV and Γ = (34+12−8 ± 5) MeV, respectively [97]. In the
subsequent experiment in 2010 [90] its mass and width were measured to be M = (3919.1+3.8−3.5 ± 2.0) MeV and
Γ = (31+10−8 ± 5) MeV, respectively.
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Figure 6: (Color online) The ωJ/ψ invariant mass spectrum of B→ KωJ/ψ from BaBar [97]. Here, B+ and B0 decays are shown in the upper and
lower panels, respectively.
Since these two BaBar experiments studied both the B0 → K0ωJ/ψ and B+ → K+ωJ/ψ processes, it allows
them to evaluate the two parameters, RY and RNR, defined as the ratios between the number of B0 and B+ events for
the Y(3940) signal and for the nonresonant contribution, respectively. The results are shown in Fig. 6. The former
experiment [97] obtained
B(B+ → Y(3940)K+) × B(Y(3940)→ J/ψω) = (4.9+1.0−0.9 ± 0.5) × 10−5 , (17)
B(B0 → Y(3940)K0) × B(Y(3940)→ J/ψω) = (1.3+1.3−1.1 ± 0.2) × 10−5 ,
and RY = 0.27+0.28−0.23
+0.04
−0.01 and RNR = 0.97
+0.23
−0.22
+0.03
−0.02. RY is three standard deviations below the isospin expectation, but
agrees with that of X(3872) [88], while RNR agrees with the isospin expectation. The latter experiment [90] got
B(B+ → Y(3940)K+) × B(Y(3940)→ J/ψω) = (3.0+0.7−0.6+0.5−0.3) × 10−5 , (18)
B(B0 → Y(3940)K0) × B(Y(3940)→ J/ψω) = (2.1 ± 0.9 ± 0.3) × 10−5 ,
and RY = 0.7+0.4−0.3 ± 0.1 and RNY = 0.7 ± 0.1 ± 0.1, which are both consistent with the previous results [97], and at the
same time (almost) agree with the isospin expectation.
To date, the only observed decay mode of the Y(3940) is ωJ/ψ. The Belle Collaboration searched for its open
charm decay mode D∗0D¯0 and set an upper limit [78]
B(B→ Y(3940)K) × B(Y(3940)→ D∗0D¯0) < 0.67 × 10−4 . (19)
at 90% C.L.. They further used this value, together with the results from Refs. [96, 97, 98], to indicate that the X(3940)
and Y(3940) are different states.
Besides the Y(3940) and X(3940) states, two other resonances X(3915) and Z(3930) were observed in the γγ
fusion and will be discussed in Sec. 2.1.4. These four neutral states were all discovered in the 3.90-3.95 GeV mass
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region, and need to be carefully studied and classified. We note that the two charmonium-like states, Y(3940) and
X(3915), were identified as the same state χc0(2P) in Particle Data Group (PDG) [1]. In this review we will discuss
them in Sec. 2.1.4.2.
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Figure 7: (Color online) The mass difference, ∆M, between µ+µ−K+K− and µ+µ−, in the B+ mass window from CDF [69].
2.1.1.3. Y(4140) and Y(4274). In 2009, the Y(4140) state was first announced by the CDF Collaboration [69], where
they reported evidence for a narrow structure near the J/ψφ threshold in the exclusive B → KJ/ψφ decay in p¯p
collisions at
√
s = 1.96 TeV, with an integrated luminosity of 2.7 fb−1 and a statistical significance of 3.8σ. The
results are shown in Fig. 7. The mass and width of the Y(4140) were measured to be M = (4143.0 ± 2.9 ± 1.2) MeV
and Γ = (11.7+8.3−5.0 ± 3.7) MeV, respectively.
However, this structure was not seen in the following Belle experiment, which measured the J/ψφ invariant mass
in the process γγ → φJ/ψ with the J/ψ decaying into lepton pairs and φ decaying into K+K− pairs [99]. They gave
the following upper limits on the branching fraction of Y(4140)→ φJ/ψ:
Γ(Y(4140)→ γγ) × B(Y(4140)→ φJ/ψ) <
 41 eV , for J
P = 0+ ,
6.0 eV , for JP = 2+ ,
(20)
at 90% C.L.. Instead, the Belle Collaboration observed another resonance, the X(4350), which will be discussed in
Sec. 2.1.4.3.
Later in 2011, the CDF Collaboration reported a further study based on the increased B+ → J/ψφK+ sample, and
confirmed the Y(4140) structure, with an integrated luminosity of 6.0 fb−1 and a significance greater than 5σ [100].
The mass and width of the Y(4140) were measured slightly more precisely, to be M = (4143.4+2.9−3.0 ± 0.6) MeV and
Γ = (15.3+10.4−6.1 ± 2.5) MeV. They also extracted the relative branching fraction Brel to be
Brel = B(B
+ → Y(4140)K+) × B(Y(4140)→ J/ψφ)
B(B+ → J/ψφK+) = 0.149 ± 0.039 ± 0.024 . (21)
Besides the Y(4140), the CDF Collaboration reported another structure, named as Y(4274), in the J/ψφ invariant mass
spectrum, with a significance of 3.1σ [100]. Its mass and width were measured to be M = (4274.4+8.4−6.7 ± 1.9) MeV
and Γ = (32.3+21.9−15.3 ± 7.6) MeV.
One year later, the LHCb Collaboration searched for the Y(4140) decaying to J/ψφ using B → KJ/ψφ decay
events with an integrated luminosity of 0.37 fb−1 in pp collisions and at significantly larger energy
√
s = 7 TeV [101].
They did not observe these two states, and set two upper limits on the relative branching fractions:
Brel = B(B
+ → Y(4140)K+) × B(Y(4140)→ J/ψφ)
B(B+ → J/ψφK+) < 0.07 , (22)
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Figure 8: (Color online) Distribution of the mass difference M(J/ψφ) − M(J/ψ) for the B+ → J/ψωK+ from LHCb [101].
at 90% C.L., and
B(B+ → Y(4274)K+) × B(Y(4274)→ J/ψφ)
B(B+ → J/ψφK+) < 0.08 , (23)
at 90% C.L..
The situation changed in 2013. Both the DØ and CMS collaborations confirmed the observation of the Y(4140) [102,
74]. The DØ experiment investigated the decay process B+ → J/ψφK+ produced in p¯p collisions at √s = 1.96 TeV,
as shown in the left panel of Fig. 9. Their results supported the existence of the Y(4140), with an integrated luminosity
of 10.4 fb−1 and a statistical significance of 3.1σ. The relative branching fraction was extracted to be
B(B+ → Y(4140)K+)
B(B+ → J/ψφK+) = (21 ± 8 ± 4)% , for M(J/ψφ) < 4.59 GeV . (24)
Their data also indicated the possible existence of a structure around 4300 MeV, but they did not obtain a stable fit
with an unconstrained width.
The CMS experiment studied the J/ψφ mass spectrum in the same decay process B± → J/ψφK± produced in pp
collisions at
√
s = 7 TeV, and confirmed the existence of the Y(4140) resonance, with an integrated luminosity of
5.2 fb−1 and a significance greater than 5σ [74]. Their results are shown in the right panel of Fig. 9. The relative
branching fraction Brel was extracted to be about 0.10 with a statistical uncertainty of about 30%, which is consistent
with Eq. (21), the value measured by CDF, and Eq. (22), the upper limit given by LHCb. The CMS Collaboration also
confirmed the existence of the second structure, Y(4274).
We summarize the information of the Y(4140) and Y(4274) resonance parameters from different experiments in
Table 3. Since these two resonances were both observed in the J/ψφ decay mode, their C-parity and G-parity should
be even.
2.1.1.4. Z+(4430). The charged charmonium-like state Z+(4430) was first observed by the Belle Collaboration in the
pi±ψ(3686) invariant mass distribution in B → Kpi±ψ(3686) decays in 2007 [103], with a statistical significance of
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Table 3: The resonance parameters of the Y(4140) and Y(4274). Here, all results are in units of MeV.
Experiment Y(4140) Y(4274)
CDF [69] M = 4143.0 ± 2.9 ± 1.2, Γ = 11.7+8.3−5.0 ± 3.7 –
CDF [100] M = 4143.4+2.9−3.0 ± 0.6, Γ = 15.3+10.4−6.1 ± 2.5 M = 4274.4+8.4−6.7 ± 1.9, Γ = 32.3+21.9−15.3 ± 7.6
DØ [102] M = 4159.0 ± 4.3 ± 6.6, Γ = 19.9 ± 12.6+1.0−8.0 –
CMS [74] M = 4148.0 ± 2.4 ± 6.3, Γ = 28+15−11 ± 19 M = 4313.8 ± 5.3 ± 7.3, Γ = 38+30−15 ± 16
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Figure 10: (Color online) The pi+ψ(3686) invariant mass spectrum of B¯0 → K−pi+ψ(3686) (left) from Belle [103], and its Dalitz plot (right) from
Belle [104].
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6.5σ. The results are shown in the left panel of Fig. 10. Its mass and width were measured to be M = (4433 ± 4 ± 2)
MeV and Γ = (45+18−13
+30
−13) MeV, respectively. They also extracted the product of branching fractions as
B(B¯0 → K−Z+(4430)) × B(Z+(4430)→ pi+ψ(3686)) = (4.1 ± 1.0 ± 1.4) × 10−5 . (25)
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However, this signal was not seen in the following BaBar experiment, which analyzed both pi−J/ψ and pi−ψ(3686)
invariant masses in B0,− → K+,0pi−J/ψ and B0,− → K+,0pi−ψ(3686) decays [105], respectively. The results are shown
in Fig. 11. They found no evidence for Z−(4430) in the pi−J/ψ mass distributions in B0,− → K+,0pi−J/ψ decays, and no
clear evidence for Z−(4430) in the pi−ψ(3686) mass distributions in B0,− → K+,0pi−ψ(3686) decays. More precisely,
they fitted the pi−ψ(3686) invariant mass distribution and obtained a 2.7 standard deviation signal. This signal has a
fitted width consistent with the value obtained by Belle [103], but its central mass value was 43 MeV higher than that
reported by Belle [103], with a difference of +4.7σ. They set two upper limits on the branching fractions
B(B0 → K+Z−(4430)) × B(Z−(4430)→ pi−ψ(3686)) < 3.1 × 10−5 , (26)
B(B− → K¯0Z−(4430)) × B(Z−(4430)→ pi−ψ(3686)) < 4.7 × 10−5 ,
at 95% C.L..
In the following years, the Belle Collaboration continued their studies on the Z+(4430) [104, 106, 107]. We
summarize the information of the resonance parameters from all these Belle experiments in Table 4.
In Ref. [104] the Belle Collaboration performed a Dalitz plot analysis of B→ Kpi+ψ(3686), and observed a signal
for Z+(4430) → pi+ψ(3686) with a significance of 6.4σ. The results are shown in the right panel of Fig. 10. They
measured the product of branching fractions, i.e.,
B(B¯0 → K−Z+(4430)) × B(Z+(4430)→ pi+ψ(3686)) = (3.2+1.8−0.9+5.3−1.6) × 10−5 . (27)
They also determined the branching fraction
B(B0 → K∗0(892)ψ(3686)) = (5.52+0.35−0.32+0.53−0.58) × 10−4 , (28)
and the fraction of the K∗(892) meson that was longitudinally polarized to be fL = (44.8+4.0−2.7
+4.0
−5.3)%.
In Ref. [106] the Belle Collaboration performed a full amplitude analysis of B0 → K+pi−ψ(3686) decays to
determine the spin and parity of the Z+(4430). Their results show that the Z+(4430) has quantum numbers JP = 1+,
18
this hypothesis being favored over the 0−, 1−, 2− and 2+ hypotheses at the levels of 3.4σ, 3.7σ, 4.7σ and 5.1σ,
respectively. They also calculated the following branching fractions
B(B0 → K+pi−ψ(3686)) = (5.80 ± 0.39) × 10−4 ,
B(B0 → K∗0(892)ψ(3686)) = (5.55+0.22−0.23+0.41−0.84) × 10−4 , (29)
B(B0 → K+Z−(4430)) × B(Z−(4430)→ pi−ψ(3686)) = (6.0+1.7−2.0+2.5−1.4) × 10−5 ,
together with fL = (45.5+3.1−2.9
+1.4
−4.9)%.
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Figure 12: (Color online) The fit results with (solid line) and without (dashed line) the Z+(4430) from Belle [107], where the Zc(4200) contribution
has been included.
In Ref. [107] the Belle Collaboration found evidence for Z+(4430)→ pi+J/ψ in B¯0 → K−pi+J/ψ decays, as shown
in Fig. 12. They also measured its branching fraction
B(B¯0 → K−Z+(4430)) × B(Z+(4430)→ pi+J/ψ) = (5.4+4.0−1.0+1.1−0.9) × 10−6 . (30)
Besides these Belle experiments, the LHCb Collaboration also confirmed the existence of the Z+(4430), by per-
forming a four-dimensional fit in the analysis of the pi−ψ(3686) invariant mass distribution in the B0 → K+pi−ψ(3686)
decay [108], as shown in Fig. 13. They measured its mass and width, as listed also in Table 4, and established its
spin-parity to be JP = 1+, both with very high significance. Moreover, they ruled out the 0−, 1−, 2+ and 2− hypotheses
for its spin-parity by at least 9.7σ, 15.8σ, 16.1σ and 14.6σ, respectively. Its amplitude fraction was determined to be
fZ+(4430) = (5.9 ± 0.9+1.5−3.3)%, whose definition is fR ≡
∫
S R(Φ)dΦ/
∫
S (Φ)dΦ, for the component R, where in S R(Φ)
all except the R amplitude terms are set to zero.
2.1.1.5. Z+(4051) and Z+(4248). The two charged charmonium-like states, Z+(4051) and Z+(4248), were first ob-
served by the Belle Collaboration in 2008 [109], one year after they reported the observation of the Z+(4430) [103].
They studied the pi+χc1 invariant mass distribution in the exclusive B¯0 → K−pi+χc1 decay, as shown in Fig. 14. After
performing a Dalitz plot analysis, they reported two resonance-like structures, Z+(4051) and Z+(4248). The masses
and widths of the Z+(4051) and Z+(4248) were determined to be M = (4051 ± 14+20−41) MeV, Γ = (82+21−17+47−22) MeV and
M = (4248+44−29
+180
−35 ) MeV, Γ = (177
+54
−39
+316
−61 ) MeV, respectively. They also provided the following branching fractions
B(B¯0 → K−Z+(4051)) × B(Z+(4051)→ pi+J/ψ) = (3.0+1.5−0.8+3.7−1.6) × 10−5 , (31)
B(B¯0 → K−Z+(4248)) × B(Z+(4248)→ pi+J/ψ) = (4.0+2.3−0.9+19.7−0.5 ) × 10−5 . (32)
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Table 4: The resonance parameters for the Z+(4430) and the observed decay channels.
Experiment Mass [MeV] Width [MeV] Decay Mode
Belle1 [103] 4433 ± 4 ± 2 45+18−13+30−13 Z+(4430)→ pi+ψ(3686)
Belle2 [104] 4443+15−12
+19
−13 107
+86
−43
+74
−56 Z
+(4430)→ pi+ψ(3686)
Belle3 [106] 4485 ± 22+28−11 200+41−46+26−35 Z−(4430)→ pi−ψ(3686)
Belle4 [107] – – evidence for Z+(4430)→ pi+J/ψ
LHCb [108] 4475 ± 7+15−25 172 ± 13+37−34 Z−(4430)→ pi−ψ(3686)
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Figure 14: (Color online) The pi+χc1 invariant mass spectrum of B¯0 → K−pi+χc1 (left), and its Dalitz plot (right) from Belle [109].
Figure 15: (Color online) The pi+χc1 invariant mass spectrum of B¯ → Kpi+χc1 from BaBar [110], with background subtracted and efficiency
corrected.
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Neither of these two observations was seen in the following BaBar experiment, which studied the pi+χc1 invariant
mass in B¯0 → K−pi+χc1 and B+ → K0S pi+χc1 decays [110]. The results are shown in Fig. 15. They found no significant
resonant structure in both the piχc1 and piJ/ψ mass distributions in B → Kpiχc1 decays. They set two upper limits on
the branching fractions at 90% C.L.
B(B¯0 → K−Z+(4051)) × B(Z+(4051)→ pi+J/ψ) < 1.8 × 10−5 , (33)
B(B¯0 → K−Z+(4248)) × B(Z+(4248)→ pi+J/ψ) < 4.0 × 10−5 , (34)
which are consistent with the Belle results listed in Eqs. (31) and (32).
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Figure 16: (Color online) The square of the pi−ψ(3686) invariant mass spectrum of B0 → K+pi−ψ(3686) from LHCb [108]. The solid-line red and
dashed-line green histograms represent the fit with two Z+’s (Z+(4430) and Z+(4240)) and the fit with only one Z+ (Z+(4430)), respectively.
2.1.1.6. Z+c (4200) and Z
+(4240). Besides finding the evidence of Z+(4430) → pi+J/ψ in the B¯0 → K−pi+J/ψ decay,
Belle observed a new charged charmonium-like structure Z+c (4200) [107], which decays into J/ψpi
+ with a significance
of 6.2σ. The measured mass and width of the Z+c (4200) are (4196
+31+17
−29−13) MeV and (370
+70+70
−70−132) MeV, respectively. It
is obvious that the Z+c (4200) is a very broad structure [107]. The spin-parity quantum number of the Z
+
c (4200) favors
JP = 1+ according to the analysis of Belle [107]. Additionally, the branching fraction relevant to the Z+c (4200) [107]
was measured, i.e.,
B(B¯0 → Z+c (4200)K−) × B(Z+c (4200)→ J/ψpi+) = (2.2+0.7+1.1−0.5−0.6) × 10−5. (35)
In Ref. [108], LHCb not only confirmed the existence of the Z+(4430), but also found a new structure the Z+(4240)
in the pi−ψ(3686) invariant mass distribution of B0 → K+pi−ψ(3686) decay with a statistical significance of 6σ, as
shown in Fig. 16. Its mass and width were measured to be M = (4239 ± 18+45−10) MeV and Γ = (220 ± 47+108−74 ) MeV,
respectively. Its spin-parity quantum number JP = 0− was preferred over 1−, 2− and 2+ by 8σ. But JP = 0− was
preferred over 1+ only by 1σ. In other words, the JP = 1+ assignment is not fully excluded for the Z+(4240). In
addition, its amplitude fraction was determined to be fZ+(4240) = (1.6 ± 0.5+1.9−0.4)%.
To date, three charged charmonium-like structures around 4.2 GeV were observed in B meson decays, the Z+(4248)
which is discussed in Sec. 2.1.1.5, and the Z+c (4200) and Z
+(4240). We note that the Z+(4248) and Z+(4240) are de-
noted as X(4250)± and X(4240)± in PDG [1], respectively.
We need to mention an opinion from Belle. In Ref. [107], Belle indicated that the resonance parameters of the
Z+(4240) reported by LHCb were close to those of the Z+c (4200) while J
P = 1+ is not excluded for the Z+(4240).
Thus, the Z+c (4200) and Z
+(4240) may be the same state.
In order to further clarify the above three charged charmonium-like structures, more precise experimental studies
are needed, especially the measurement of their spin-parity quantum numbers.
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2.1.1.7. X(3823). In 1994, the E705 Collaboration reported a 2.8σ structure at 3.836 GeV in the J/ψpi+pi− channel
[111]. If this structure was a resonance, the 3D2(2−−) assignment was favored by the experimental data. However,
there were only 58 ± 21 events in the E705 data [111].
In 2013, the Belle Collaboration observed a new narrow resonance decaying to χc1γ in the B → χc1γK process
with a statistical significance of 3.8σ [112]. This state has a mass of (3823.1 ± 1.8 ± 0.7) MeV. The invariant mass
of the χc1γ distribution is shown in Fig. 17. Belle measured the branching fraction product B(B± → X(3823)K±) ×
B(X(3823) → χc1γ) = (9.7 ± 2.8 ± 1.1) × 10−6. They found no evidence for X(3823) → χc2γ decay and set an upper
limit of the ratio RB ≡ B(X(3823)→χc2γ)B(X(3823)→χc1γ) < 0.41 at 90% C.L. They suggested this new resonance X(3823) as the 13D2
charmonium state with JPC = 2−−. The mass and radiative decay behavior agree with the theoretical predictions for
the 13D2 state [113, 114, 115, 17, 116, 117].
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Figure 17: (Color online) The invariant mass distribution Mχc1γ in the B→ χc1γK process for Mbc > 5.27 GeV/c2, from Belle [112].
Recently, the BESIII Collaboration confirmed the X(3823) resonance in the process of e+e− → pi+pi−X(3823) →
pi+pi−γχc1 at 6.2σ, with a mass (3821.7 ± 1.3 ± 0.7) MeV and width less than 16 MeV at the 90% C.L. [118]. This
observation is consistent with the measurement by Belle [112]. The simultaneous fit to the Mrecoil(pi+pi−) distribution
of γχc1 is shown in Fig. 18. BESIII also provided the production cross sections of σB(e+e− → pi+pi−X(3823)) ·
B1(X(3823)→ γχc1) at √s = 4.230, 4.260, 4.360, 4.420, and 4.600 GeV, as shown in Table 5.
Table 5: The production cross sections of σB(e+e− → pi+pi−X(3823)) · B1(X(3823) → γχc1) (σBX · B1) and B2(X(3823) → γχc2) (σBX · B2),
and the Born cross section σB(e+e− → pi+pi−ψ′) (σB
ψ′ ) at different energies from BESIII [118]. The relative ratio Rψ′ corresponds to
σB[e+e−→pi+pi−X(3823)]B(X(3823)→γχc1)
σB[e+e−→pi+pi−ψ′]B(ψ′→γχc1) .
√
s (GeV) σBX · B1 (pb) σBX · B2 (pb) σBψ′ (pb) Rψ′
4.230 0.12+0.24−0.12 ± 0.02 (< 0.64) - 34.1 ± 8.1 ± 4.7 -
4.260 0.23+0.38−0.24 ± 0.04 (< 0.98) - 25.9 ± 8.1 ± 3.6 -
4.360 1.10+0.64−0.47 ± 0.15 (< 2.27) (< 1.92) 58.6 ± 14.2 ± 8.1 0.20+0.13−0.10
4.420 1.23+0.59−0.46 ± 0.17 (< 2.19) (< 0.54) 33.4 ± 7.8 ± 4.6 0.39+0.21−0.17
4.600 0.47+0.44−0.27 ± 0.07 (< 1.32) - 10.4+6.4−4.7 ± 1.5 -
23
)2) (GeV/c-pi+pi(recoilM
3.6 3.7 3.8 3.9
2
Ev
en
ts
 / 
5 
M
eV
/c
0
10
20
30
40 DataFit
Background
Sideband
Figure 18: (Color online) Simultaneous fit to the Mrecoil(pi+pi−) distribution of the γχc1 events, from BESIII [118].
2.1.2. Y states produced through the e+e− annihilation
So far, five charmonium-like states, the Y(4260), Y(4008), Y(4360), Y(4660) and Y(4630), have been reported in
the e+e− annihilation processes, which are due to the development of the initial-state radiation (ISR) technique. As the
first Y state in the charmonium-like state family, the Y(4260) has attracted great attention from both experimentalists
and theorists. To some extent, the X(3872) and Y(4260) are the two superstars among all the observed charmonium-
like states. Those charmonium-like states observed in the e+e− annihilation follow the same naming convention as
that of the Y(4260).
Before giving the experimental details of these Y states, we briefly list their discovery modes:
Y(4260) and Y(4008) : e+e− → γISRpi+pi−J/ψ,
Y(4360) and Y(4660) : e+e− → γISRpi+pi−ψ(3686),
Y(4630) : e+e− → γISRΛcΛ¯c.
2.1.2.1. Y(4260) and Y(4008). The observation of the Y(4260) was first announced by the BaBar Collaboration in
2005 [62], where they used the ISR technique to study the process e+e− → γISRpi+pi−J/ψ at √s = 10.58 GeV, as
shown in Fig. 19. Later, the Y(4260) was confirmed by both the CLEO [60] and Belle [119] collaborations in the
same process. Besides the above experimental measurement of the Y(4260), CLEO analyzed the data at the CESR
e+e− collisions at
√
s = 3.97 − 4.26 GeV [120]. They confirmed the Y(4260) → pi+pi−J/ψ decay channel at 11σ
significance and observed a new decay mode Y(4260)→ pi0pi0J/ψ at 5.1σ significance. CLEO also found the evidence
of Y(4260)→ K+K−J/ψ [120]. The Belle Collaboration set the following upper limits at 90% C.L. [121, 122]:
Γ(Y → e+e−) × B(Y → K+K−J/ψ) < 1.2 eV [121] ,
Γ(Y → e+e−) × B(Y → K+K−J/ψ) < 1.7 eV [122] , (36)
Γ(Y → e+e−) × B(Y → K0S K0S J/ψ) < 0.85 eV [122] .
The BaBar Collaboration searched for the signal of the Y(4260) via B− → J/ψpi+pi−K− [85], and set an upper limit
B(B− → Y(4260)K−,Y(4260) → J/ψpi+pi−) < 2.9 × 10−5 [85]. Thus, there does not exist direct evidence for the
Y(4260) in the B meson decay at present.
A fit to the Y(4260) resonance yielded a mass (4251 ± 9) MeV and a decay width (120 ± 12) MeV [1]. We also
summarize its resonance parameters from different experiments in Table 6. Since the Y(4260) was directly produced
from the e+e− annihilation, its quantum number is JPC = 1−−.
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Figure 19: (Color online) The pi+pi−J/ψ invariant mass spectrum of e+e− → γISRpi+pi−J/ψ at √s = 3.8 − 5.0 GeV/c2 and the Y(4260) structure
(black solid curve), from BaBar [62].
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The observed decay modes of the Y(4260) include J/ψpi+pi− [62, 60, 119], J/ψpi0pi0 [120], and possibly J/ψK+K−
[120]. Additionally, the dipion mass distribution of Y(4260) → pi+pi−J/ψ was measured [62, 60, 119, 123], and
there exists an enhancement around 980 MeV, which may arise from the scalar meson f0(980). Especially, BaBar
further carried out the analysis of the dipion mass distribution of Y(4260) → pi+pi−J/ψ (see Fig. 20) and obtained
the branching ratio B(Y(4260) → J/ψ f0(980), f0(980) → pi+pi−)/B(Y(4260) → J/ψpi+pi−) = (0.17 ± 0.13) [123].
Thus, the intermediate f0(980) contribution to Y(4260) → pi+pi−J/ψ is not dominant [123]. Besides Y(4260) →
J/ψ f0(980) → J/ψpi+pi−, the Y(4260) → Zc(3900)±pi∓ → J/ψpi+pi− mode was also seen [64, 124], where the charged
charmonium-like structure Zc(3900) was observed in the corresponding J/ψpi± invariant mass spectrum, which we
will discuss in detail later.
The product branching fractions of the Y(4260) in the e+e− annihilations were measured by several experiments
[62, 60, 123]:
Γ(Y(4260)→ e+e−) × B(Y(4260)→ pi+pi−J/ψ) = (5.5 ± 1.0+0.8−0.7) eV [62] ,
Γ(Y(4260)→ e+e−) × B(Y(4260)→ pi+pi−J/ψ) = (8.9+3.9−3.1 ± 1.8) eV [60] , (37)
Γ(Y(4260)→ e+e−) × B(Y(4260)→ pi+pi−J/ψ) = (9.2 ± 0.8 ± 0.7) eV [123] .
Its open charm decay modes DD¯, D∗D¯, D∗D¯∗, D+s D−s , D∗+s D−s , D∗+s D∗−s , D0D∗−pi+, D∗D¯pi, D∗D¯∗pi were not seen
[125, 126, 127, 128, 129, 130, 131] with the following upper limits:
B(Y(4260)→ DD¯)/B(Y(4260)→ pi+pi−J/ψ) < 7.6 [125] ,
B(Y(4260)→ D+s D−s )/B(Y(4260)→ pi+pi−J/ψ) < 0.7 [131] , (38)
B(Y(4260)→ D∗+s D−s )/B(Y(4260)→ pi+pi−J/ψ) < 44 [131] ,
B(Y(4260)→ D∗+s D∗−s )/B(Y(4260)→ pi+pi−J/ψ) < 30 [131] ,
at 95% C.L., and
B(Y(4260)→ D0D∗−pi+)/B(Y(4260)→ pi+pi−J/ψ) < 9 [128] ,
σ(Y(4260)→ DD¯)/σ(Y(4260)→ pi+pi−J/ψ) < 4.0 [129] ,
σ(Y(4260)→ D∗D¯)/σ(Y(4260)→ pi+pi−J/ψ) < 45 [129] ,
σ(Y(4260)→ D∗D¯∗)/σ(Y(4260)→ pi+pi−J/ψ) < 11 [129] ,
σ(Y(4260)→ D+s D−s )/σ(Y(4260)→ pi+pi−J/ψ) < 1.3 [129] ,
σ(Y(4260)→ D∗+s D−s )/σ(Y(4260)→ pi+pi−J/ψ) < 0.8 [129] , (39)
σ(Y(4260)→ D∗+s D∗−s )/σ(Y(4260)→ pi+pi−J/ψ) < 9.5 [129] ,
σ(Y(4260)→ D∗D¯pi)/σ(Y(4260)→ pi+pi−J/ψ) < 15 [129] ,
σ(Y(4260)→ D∗D¯∗pi)/σ(Y(4260)→ pi+pi−J/ψ) < 8.2 [129] ,
B(Y(4260)→ D∗D¯)/B(Y(4260)→ pi+pi−J/ψ) < 34 [130] ,
B(Y(4260)→ D∗D¯∗)/B(Y(4260)→ pi+pi−J/ψ) < 40 [130] ,
at 90% C.L.. Its hidden charm decay modes J/ψη, J/ψK0s K
0
s [132, 133, 122], and charmless decay modes pi
+pi−φ,
K+K−pi0, K0s K±pi∓, pp¯ [134, 135, 136] were not seen in experiments, neither, and the following upper limits were
given:
Γ(Y(4260)→ e+e−) × B(Y(4260)→ ηJ/ψ) < 14.2 eV [133] ,
Γ(Y(4260)→ e+e−) × B(Y(4260)→ pi+pi−φ) < 0.4 eV [134] ,
Γ(Y(4260)→ e+e−) × B(Y(4260)→ K+K−pi0) < 0.6 eV [135] , (40)
Γ(Y(4260)→ e+e−) × B(Y(4260)→ K0S K±pi∓) < 0.5 eV [135] ,
B(Y(4260)→ pp¯)/B(Y(4260)→ pi+pi−φ) < 13% [136] ,
at 90% C.L.. A puzzling phenomenon of the Y(4260) is that it is absent in the R value scan [137, 138, 139, 140, 129,
141], which is the challenge to the traditional vector charmonium interpretation of the Y(4260). We note that the R
26
value denotes the ratio of the rate of hadron production to that for muon pairs in the annihilation of e+e− pair, i.e.,
R = σ(e+e− → hadrons)/σ(e+e− → µ+µ−).
In Ref. [93], the BESIII Collaboration studied the e+e− → γX(3872) process and measured the product of the
cross section σ(e+e− → γX(3872)) and the branching ratio B(X(3872) → pi+pi−J/ψ) at center-of-mass energies
4.009, 4.229, 4.26 and 4.360 GeV, which hinted the existence of the Y(4260) → γX(3872) radiative decay. More
experimental information is needed to confirm the Y(4260) → γX(3872) mode. The experimental observation of the
new decay mode of the Y(4260) is important to reveal its underlying structure.
Table 6: The resonance parameters for the Y(4260) and the observed decay channels.
Experiment Mass (MeV) Width (MeV) Decay Mode
BaBar [62] 4259 ± 8+2−6 88 ± 23+6−4 J/ψpi+pi−
CLEO [60] 4284+17−16 ± 4 73+39−25 ± 5 J/ψpi+pi−
Belle [142] 4295 ± 10+10−3 133 ± 26+13−6 J/ψpi+pi−
Belle [119] 4247 ± 12+17−32 108 ± 19 ± 10 J/ψpi+pi−
BaBar [143] 4252 ± 6+2−3 105 ± 18+4−6 J/ψpi+pi−
BaBar [123] 4244 ± 5 ± 4 114+16−15 ± 7 J/ψ f0(980)(→ pi+pi−),
Belle [124] 4258.6 ± 8.3 ± 12.1 134.1 ± 16.4 ± 5.5 pi∓Zc(3900)±(→ J/ψpi±)
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Figure 21: (Color online) The pi+pi−J/ψ invariant mass spectrum of e+e− → γISRpi+pi−J/ψ from Belle [119] (left), BaBar [123] (middle) and Belle
[124] (right).
Besides the Y(4260), the Belle Collaboration indicated that there may exist another very broad structure Y(4008)
around 4.05 GeV in the measured pi+pi−J/ψmass spectrum [119]. By adopting two interfering Breit-Wigner formalism
to fit the experimental data, a broad structure with the mass (4008 ± 40+114−28 ) MeV and width (226 ± 44 ± 87) MeV
was extracted, which was named as Y(4008). However, BaBar did not found the Y(4008) signal in the same process
e+e− → pi+pi−J/ψ [123]. Later, based on the new measurement of e+e− → pi+pi−J/ψ with a 967 fb−1 data sample,
Belle confirmed that there exists an event cluster around 4.08 GeV [124]. The inconsistency between BaBar [123]
and Belle [119, 124] results of the Y(4008) should be clarified in future experiments. In Fig. 21, we list the Belle and
BaBar experimental data of the pi+pi−J/ψ mass spectrum of e+e− → pi+pi−J/ψ for comparison.
2.1.2.2. Y(4360) and Y(4660). After the observation of the Y(4260) in e+e− → γISRpi+pi−J/ψ, the BaBar Collabora-
tion analyzed a similar process e+e− → γISRpi+pi−ψ(3686), where a resonant structure Y(4360) was observed [144].
Later, the Belle Collaboration confirmed the existence of the Y(4360) in the same process.
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Besides the Y(4360), Belle further indicated that there was another enhancement structure Y(4660) [145] associ-
ated with the Y(4360) in the pi+pi−ψ(3686) invariant mass spectrum of e+e− → γISRpi+pi−ψ(3686). Belle’s observation
of the Y(4660) [145] was not confirmed by BaBar [144], which resulted in a long-term debate whether there is a
Y(4660) structure in e+e− → γISRpi+pi−ψ(3686). Finally in 2012, BaBar confirmed the existence of the Y(4660) with
new data on the e+e− → γISRpi+pi−ψ(3686) process [146]. In Fig. 22, the pi+pi−ψ(3686) invariant mass spectrum of
e+e− → γISRpi+pi−ψ(3686) is presented.
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Figure 22: (Color online) The measured pi+pi−ψ(2S ) invariant mass spectrum of e+e− → γISRpi+pi−ψ(2S ) from BaBar and Belle. Here, the upper left
and lower left panels are taken from BaBar [144, 146], and the upper right panel is taken from Belle [145]. The lower right panel is a comparison
of the Belle (dots with errors) and BaBar (hatched histogram) data from BaBar [146].
A fit to the Y(4360) structure yielded a mass (4354 ± 10) MeV and a width (78 ± 16) MeV while a fit to the
Y(4660) yielded a mass (4665 ± 10) MeV and a width (53 ± 16) MeV, where these resonance parameters of the
Y(4360) and Y(4660) are the averaged values listed in PDG [1]. We summarize their resonance parameters from
different experiments in Table 7. Since they are produced from the e+e− annihilation, the quantum numbers of the
Y(4360) and Y(4660) are JPC = 1−−.
Table 7: The resonance parameters for the Y(4360) and Y(4660) and the observed decay channels. The results shown in the last row were obtained
by Liu, Qin and Yuan by performing a combined fit to BaBar and Belle data of e+e− → ψ(3686)pi+pi−. Here, the mass and width are in units of
MeV.
Experiment Y(4360) Y(4660) Decay Mode
BaBar [144] M = 4324 ± 24, Γ = 172 ± 33 – ψ(2S )pi+pi−
Belle [145] M = 4361 ± 9 ± 9, Γ = 74 ± 15 ± 10 M = 4664 ± 11 ± 5, Γ = 48 ± 15 ± 3 ψ(2S )pi+pi−
BaBar [146] M = 4340 ± 16 ± 9, Γ = 94 ± 32 ± 13 M = 4669 ± 21 ± 3, Γ = 104 ± 48 ± 10 ψ(2S )pi+pi−
LQY [132] M = 4355+9−10 ± 9, Γ = 103+17−15 ± 11 M = 4661+9−8 ± 6, Γ = 42+17−12 ± 6 ψ(2S )pi+pi−
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For the Y(4360) and Y(4660), only the ψ(3686)pi+pi− decay mode was observed [144, 145, 146]. Their open charm
decay modes such as Y(4360)/Y(4660) → D0D∗−pi+ are still missing [128]. Belle [133] also indicated that there was
no evidence for the Y(4360) and Y(4660) in the J/ψη final state from the e+e− annihilations.
2.1.2.3. Y(4630). In 2008, the Belle Collaboration measured the exclusive e+e− → ΛcΛ¯c cross section, and observed
an enhancement Y(4630) with a significance of 8.2σ, which was close to the ΛcΛ¯c threshold [147], as shown in
Fig. 23. Its mass and width were determined to be M = (4634+8−7
+5
−8) MeV and Γ = (92
+40
−24
+10
−21) MeV, respectively, which
are consistent within errors with the mass and width of the Y(4660) resonance [147]. Further experiments are needed
to determine whether the Y(4630) and Y(4660) are the same structure.
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Figure 23: The cross section of the e+e− → ΛcΛ¯c process [147], where an enhancement structure Y(4630) appears in the ΛcΛ¯c invariant mass
spectrum.
2.1.3. X states produced through double charmonium production
Two charmonium-like states X(3940) and X(4160) were observed through the double charmonium production. If
one compares the Feynman diagrams shown in the second and third columns of Fig. 2, one would notice the similarity
between the double charm production and the e+e− annihilation. However, there still exists some difference, i.e., the
final states of the double charmonium production process include a charmonium-like state plus a J/ψ. In contrast,
those Y states discussed in Sec. 2.1.2 were directly produced via the e+e− annihilation. The two X states, X(3940) and
X(4160), were produced from the following processes:
X(3940) : e+e− → J/ψD¯D∗,
X(4160) : e+e− → J/ψD∗+D∗−.
2.1.3.1. X(3940). The charmonium-like state X(3940) was first observed by the Belle Collaboration in the process
e+e− → J/ψX(3940) with a significance of 5.0σ [98], as shown in Fig. 24. Besides the X(3940), three conventional
charmonia ηc, χc0, and ηc(2S ) were seen very clearly [98]. The mass of the X(3940) was measured to be (3943±6±6)
MeV.
By performing a fit to the Mrecoil(J/ψ) distributions for events tagged and constrained as e+e− → J/ψDD¯ and
e+e− → J/ψD∗D¯ [98] (see Fig. 24), Belle found that there was no evidence of the X(3940) → DD¯ decay mode,
while the X(3940) → D∗D¯ mode was observed. From this analysis, the width of the X(3940) was determined to be
Γ = (15.4 ± 10.1) MeV, and the upper limit of the branching ratio of the X(3940)→ DD¯ was set, i.e.,
B(X(3940)→ DD¯) < 41% , (41)
at 90% C.L.. In addition, Belle also set the upper limit for the hidden-charm decay X(3940)→ J/ψω, i.e.,
B(X(3940)→ J/ψω) < 26% , (42)
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Figure 24: The distribution of masses recoiling against the reconstructed J/ψ in inclusive e+e− → J/ψX events (left) . (a) and (b) are Mrecoil(J/ψ)
distributions for events tagged and constrained as e+e− → J/ψDD¯ and e+e− → J/ψD∗D¯, respectively. Both taken from Belle [98].
at 90% C.L..
Later, Belle confirmed the X(3940) in the process e+e− → J/ψD∗D¯ with a significance of 5.7σ [148], where the
resonance parameters of the X(3940) were measured to be M = (3942+7−6 ± 6) MeV and Γ = (37+26−15 ± 8) MeV [148].
At present, the only observed decay mode of the X(3940) was D∗D¯. All the other decay modes like DD¯ and J/ψω
were not seen [98]. If e+e− → J/ψX(3940) is dominated by e+e− → γ∗ → J/ψX(3940), the C parity of the X(3940)
should be even, i.e., C = +.
2.1.3.2. X(4160). Using a data sample with an integrated luminosity of 693 fb−1 near the Υ(4S ) resonance, the Belle
Collaboration also analyzed the e+e− → J/ψD∗+D∗− process and found a new charmonium-like state X(4160) with
a significance of 5.1σ [148]. The D∗+D∗− invariant mass spectrum is shown in Fig. 25. The mass and width of the
X(4160) were measured to be M = (4156+25−20±15) MeV and Γ = (139+111−61 ±21) MeV [148], respectively. The C parity
of the X(4160) is also even.
Besides the above observations, the analysis of Belle [148] showed that there may exist a broad structure in the
MDD¯ distribution (see Fig. 25 (a)), which can not be described by the non-resonant e+e− → J/ψDD¯ events. This
structure was quite puzzling. Unfortunately the present data sample was not large enough to analyze this possible
resonant structure [148].
Although both the X(3940) and X(4160) have a statistical significance larger than 5σ, they were only observed by
the Belle experiments, and still need to be confirmed by other experiments.
2.1.4. The XYZ states from γγ fusion processes
The γγ fusion process γγ → X produces C-even charmonium states in B factories. According to the Landau-Yang
selection rule [149, 150], two photons do not couple to any J = 1 state. Therefore, γγ fusion process can only produce
charmonium-like states with quantum numbers IG JPC = 0+0++ and 0+2++. To date, three new charmonium-like states
were reported in the γγ fusion processes. They are the Z(3930) in the γγ → DD¯ process [151], the X(3915) in the
γγ → ωJ/ψ process [152], and the X(4350) in the γγ → φJ/ψ process [99].
Z(3930) : γγ → DD¯,
X(3915) : γγ → J/ψω,
X(4350) : γγ → J/ψφ.
The possible quantum numbers of the Z(3930), X(3915) and X(4350) states are either IG JPC = 0+0++ or 0+2++.
2.1.4.1. Z(3930). The Z(3930) is one of the four charmonium-like states around 3940 MeV reported by the Belle
Collaboration in 2005 [151]. The others are the Y(3940), X(3940), and X(3915), which are discussed in Sec. 2.1.1.2,
2.1.3.1 and 2.1.4.2, respectively. The Z(3930) was observed in the DD¯ invariant mass spectrum of the process of
γγ → DD¯ (see Fig. 26), with the mass M = (3929 ± 5 ± 2) MeV, width Γ = (29 ± 10 ± 2) MeV, and its two-photon
30
00
2
0
5
4 4.5 5
4 4
4 4.5
.5
5
4 4 .5 55
0
20
0
10
54
20 0
20
54
2M(DD) GeV/c
2
N
/5
0 
M
eV
/c
2
N
/5
0 
M
eV
/c
2
N
/2
5 
M
eV
/c
2
N
/2
5 
M
eV
/c
rec assocD D *rec assocD D
*
rec assocD D
* *
rec assocD D
* 2M(DD ) GeV/c
* 2M(D D) GeV/c * * 2M(D D ) GeV/c
a) b)
c) d)
Figure 25: The M(D(∗)recD¯
(∗)
assoc) spectra for events tagged and constrained as (a) e+e− → J/ψDD¯, (b) e+e− → J/ψDD¯∗, (c) e+e− → J/ψD∗D¯, and
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decay width times the branching fraction Γ(Z(3930)→ γγ) × B(Z(3930) → DD¯) = (0.18 ± 0.05 ± 0.03) keV (for
J = 2) [151].
In Ref. [151], Belle also measured the cos θ∗ distributions in the 3.91 < M(DD¯) < 3.95 GeV region, where
θ∗ denotes the angle of a D meson relative to the beam axis in the γγ center of mass frame [151] (see the left
panel in Fig. 27). The experimental analysis indicated that the J = 2 assignment was favored significantly. In
addition, Belle measured the ratio of the branching fractions for the D0D¯0 and D+D− modes to be B(Z(3930) →
D+D−)/B(Z(3930) → D0D¯0) = (0.74 ± 0.43 ± 0.16), suggesting isospin invariance as expected for the conventional
cc¯ states. As indicated in Ref. [151], the measured mass, decay width, decay angular distribution and Γ(Z(3930) →
γγ)×B(Z(3930)→ DD¯) of the Z(3930) state supported the Z(3930) as the candidate of the missing 23P2 charmonium
state χ′c2(2P), which was predicted in Refs. [151, 17, 117, 153].
The BaBar Collaboration confirmed the Z(3930) state in the DD¯ invariant mass distribution of γγ → DD¯ process,
with the mass M = (3926.7±2.7±1.1) MeV and width Γ = (21.3±6.8±3.6) MeV, respectively [154]. They identified
the Z(3930) as a tensor state with JPC = 2++ as shown in the right panel of Fig. 27.
The open charm decay mode Z(3930) → DD¯∗ is also expected since the Z(3930) lies above the DD¯∗ threshold,
which will test the assignment of the Z(3930) as the χ′c2(2P) charmonium state. In PDG [1], the Z(3930) state was
assigned as the radially excited charmonium χ′c2(2P) with J
PC = 2++.
2.1.4.2. X(3915). The X(3915) (χ′c0(2P) in PDG [1]) state was first reported by the Belle Collaboration in γγ →
ωJ/ψ process [152] (see the left panel in Fig. 28). The measured mass and decay width were M = (3915±3±2) MeV
and Γ = (17 ± 10 ± 3) MeV, respectively. Since the quantum numbers of both the J/ψ and ω are IG JPC = 0−1−−, the
X(3915) carries positive C-parity and G-parity. As discussed above for the γγ fusion process, the possible spin-parity
for the X(3915) is JP = 0+ or 2+. For these two assignments, Belle gave the products of the two-photon decay width
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Figure 26: The DD¯ invariant mass distribution from Belle[151], in which (a) is the D0D¯0, (b) the D+D− mode and (c) the combined distribution.
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and the branching fraction to ωJ/ψ as [152]
Γ(X(3915)→ γγ) × B(X(3915)→ ωJ/ψ) =

(61 ± 17 ± 8) eV for JP = 0+ ,
(18 ± 5 ± 2) eV for JP = 2+ , helicity-2 .
(43)
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Figure 28: (Color online) The X(3915)→ ωJ/ψ signals in the γγ → ωJ/ψ process from Belle [152] (left) and BaBar [155] (right).
The BaBar Collaboration confirmed the existence of the X(3915) decaying into ωJ/ψ in γγ → ωJ/ψ process (see
the right panel in Fig. 28), with the mass (3919.4 ± 2.2 ± 1.6) MeV and width (13 ± 6 ± 3) MeV [155]. Their analysis
favored the JP = 0+ assignment. BaBar also measured Γ(X(3915)→ γγ) × B(X(3915)→ ωJ/ψ) = (52 ± 10 ± 3) eV,
which was consistent with Belle’s measurement for the JP = 0+ assignment [152].
According to the BaBar’s measurement, PDG assigned the X(3915) as the charmonium radial excitation χ′c0(2P)
[1]. The open-charm decay mode X(3915) → D(∗)D¯(∗) was expected for the conventional χ′c0(2P) state. However,
there were no signs of the D(∗)D¯(∗) peak around 3915 MeV in both Belle [156] and BaBar’s [87] analyses of the
B→ KD(∗)D¯(∗) process. This puzzling phenomenon should be clarified in future experiments.
Belle also studied the radiative decay of Υ(2S ) to search for the X(3915). They found no significant signals and
set an upper limit B(Υ(2S )→ γX(3915)) × B(X(3925)→ ωJ/ψ) < 2.8 × 10−6 at 90% C.L. [157, 158].
2.1.4.3. X(4350). In Sec. 2.1.1.3, we introduced the discovery of the Y(4140) by the CDF Collaboration [69]. The
Belle Collaboration studied the γγ → φJ/ψ process to search for the Y(4140) state [99]. However, they did not see
the Y(4140) signal in the γγ fusion process. Unexpectedly, they observed another new narrow structure around 4.35
GeV in the φJ/ψ invariant mass distribution (see Fig. 29), which was named as X(4350). The mass and width of this
charmonium-like state was measured to be (4350.6+4.6−5.1 ± 0.7) MeV and (13+18−9 ± 4) MeV, respectively. Similar to the
Y(4140) and X(3915), the possible quantum number of the X(4350) is either IG JPC = 0+0++ or 0+2++. Belle also
measured the product of the two-photon decay width of the X(4350) and its branching fraction to φJ/ψ [99], i.e.,
Γ(X(4350)→ γγ) × B(X(4350)→ φJ/ψ) =

(6.7+3.2−2.4 ± 1.1) eV for JP = 0+ ,
(1.5+0.7−20.6 ± 0.3) eV for JP = 2+ .
(44)
Later, Belle also tried to search for the X(4350) via the radiative decay of Υ(2S ), and only obtained the upper limit
B(Υ(2S )→ γX(4350)) × B(X(4350)→ φJ/ψ) < 1.3 × 10−6 at 90% C.L. [157, 158] .
2.1.5. Charged charmonium-like Zc states
Until now, there have accumulated abundant experimental observations of the charged charmonium-like states. In
Sec. 2.1.1, we have introduced the charged charmonium-like states observed in the B meson decays. In this section,
we focus on the charged charmonium-like states from the hadronic decays of the Y(4260) and higher charmonia. We
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Figure 29: (Color online) The ωJ/ψ invariant mass distribution of γγ → ωJ/ψ from Belle [99].
collect the productions and decay modes of the four charged charmonium-like states Zc(3900), Zc(3885), Zc(4025)
and Zc(4020) below,
e+e− →

Zc(3900)pi∓ → J/ψpi±pi∓ ,
Zc(4025)pi∓ → (D∗D¯∗)±pi∓ ,
Zc(4020)pi∓ → hcpi±pi∓ ,
Zc(3885)pi+ → (DD¯∗)−pi+ .
2.1.5.1. Zc(3900) and Zc(3885). Since 2013, the BESIII Collaboration announced several charged charmonium-like
states Zc(3900) [64], Zc(3885) [159], Zc(4020) [160] and Zc(4025) [161] at
√
s = 4.26 GeV. All these structures were
observed in the process Y(4260)→ pi−Z+c (as shown in Table 8). The Zc(3900) state was also observed by Belle [124]
and confirmed later using data of CLEO-c [61]. Before we discuss these charged charmonium-like states, we collect
the experimental information of these states in Table 8, including their masses, widths, production processes from
different experiments.
Table 8: Experimental information of the charged charmonium-like states Zc(3900), Zc(3885), Zc(4020) and Zc(4025), including their masses,
widths and production processes.
State M (MeV) Γ (MeV) Process (decay mode) Experiment
Zc(3900) 3899.0 ± 3.6 ± 4.9 46 ± 10 ± 20 e+e− → Y(4260)→ pi− + (J/ψ pi+) BESIII [64]
3894.5 ± 6.6 ± 4.5 63 ± 24 ± 26 e+e− → Y(4260)→ pi− + (J/ψ pi+) Belle [124]
3886 ± 4 ± 2 37 ± 4 ± 8 e+e− → ψ(4160)→ pi− + (J/ψ pi+) Xiao et al. [61]
Zc(3885) 3882.2 ± 1.1 ± 1.5 26.5 ± 1.7 ± 2.1 e+e− → Y(4260)→ pi− + (DD¯∗)+ BESIII [159, 162]
Zc(4020) 4022.9 ± 0.8 ± 2.7 7.9 ± 2.7 ± 2.6 e+e− → Y(4260)→ pi− + (hc pi+) BESIII [160]
Zc(4025) 4026.3 ± 2.6 ± 3.7 24.8 ± 5.6 ± 7.7 e+e− → Y(4260)→ pi− + (D∗D¯∗)+ BESIII [161]
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The Zc(3900) was observed in the J/ψpi± invariant mass distribution of the e+e− → J/ψpi+pi− process by the BESIII
Collaboration [64]. As shown in Fig. 30, the mass peak of the Zc(3900) in this channel lies about 23 MeV above the
open-charm threshold D+D¯∗0 (or D∗+D¯0). In the same production channel, Belle also reported the Zc(3900) structure
[124]. Meanwhile, Xiao et al. analyzed the decay ψ(4160) → J/ψpi+pi− and observed the charged Zc(3900) [61].
As shown in Table 8, the mass and decay width of the charged Zc(3900) from different experiments are consistent
with each other. From these three experiments, the quantum number of the Zc(3900) was argued to be IG JP = 1+1+
assuming the orbital angular momentum between the J/ψ and pi is zero.
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Figure 30: (Color online) The Zc(3900) enhancements in the J/ψpi± mass spectrum from BESIII [64] (left), Belle [124] (middle) and Xiao et al.
[61] (right) respectively.
BESIII also studied the open-charm decay e+e− → Y(4260) → (DD¯∗)±pi∓ [159] and found a charged structure
in the (DD¯∗)± mass spectrum, as shown in Fig. 31. BESIII named this structure as the Zc(3885) since its measured
mass (see Table 8) was slightly lower than that of the Zc(3900) measured in the J/ψpi channel by BESIII [64] and
Belle [124]. However, the measured mass and width of the Zc(3885) [159] were consistent with those of the Zc(3900)
state obtained by Xiao et al. [61]. Later in Ref. [162], BESIII studied the same process and improved the statistical
significance of the Zc(3885) signal to be greater than 10σ. If we consider the Zc(3900) and Zc(3885) as the same state,
the Zc(3900)/Zc(3885) was observed in both the hidden-charm J/ψpi and open-charm DD¯∗ decay channels.
BESIII also performed the analysis on the angular distribution of the piZc(3885) system [159]. Their results are
shown in Fig. 31, and their data supported the JP = 1+ assignment and ruled out the JP = 0−, 1− possibilities. With
the same spin-parity and similar mass and width, the Zc(3900) and Zc(3885) were probably the same state. Under this
assumption, the ratio of the partial decay width of these two decay modes was measured as [159]
Γ(Zc(3885)→ DD¯∗)
Γ(Zc(3900)→ J/ψpi) = (6.2 ± 1.1 ± 2.7) . (45)
In other words, DD¯∗ was the dominant decay mode of the Zc(3900)/Zc(3885). However, this ratio is still much smaller
than those of the established conventional charmonium states above the open-charm threshold, such as the ψ(3770)
and ψ(4040):
Γ(ψ(3770)→ DD¯)
Γ(ψ(3770)→ pipiJ/ψ) = (482 ± 84) [1] , (46)
Γ(ψ(4040)→ D(∗)D¯(∗))
Γ(ψ(4040)→ ηJ/ψ) = (192 ± 27) [163] .
The neutral partners of the charged Zc(3900)± and Zc(3885)± states were also reported. In Ref. [61], Xiao et
al. provided evidence of the neutral state Zc(3900)0 decaying into pi0J/ψ at a 3.5σ significance level, as shown in
Fig. 32. The mass and decay width of the Zc(3900)0 were obtained as (3904 ± 9 ± 5) MeV and 37 MeV [61],
respectively. Recently, the Zc(3900)0 was discovered by BESIII in the e+e− → pi0Zc(3900)0 → pi0pi0J/ψ process with
a significance of 10.4σ [164] (see Fig. 32). The measured mass (3894.8± 2.3± 3.2) MeV and width (29.6± 8.2± 8.2)
MeV were consistent with the results obtained in Ref. [61]. BESIII also reported a neutral state Zc(3885)0 in the
e+e− → (DD¯∗)0pi0 process with the mass M = (3885.7+4.3−5.7 ± 8.4) MeV and width Γ = (35+11−12 ± 15) MeV [165].
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Figure 31: (Color online) The Zc(3900) structure in the (DD¯∗)± final states from BESIII [159].
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Figure 32: (Color online) The neutral Zc(3900)0 state in pi0 J/ψ mass spectrum from BESIII [164] and Xiao et al. [61] and (DD¯∗)0 final states from
BESIII [165].
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Besides, a search for the Zc(3900)± state in the exclusive production process by virtual photons was performed in
the channel Zc(3900)± → J/ψpi± at COMPASS [166]. There was no signal of the exclusive photoproduction of the
Zc(3900)± state and its decay into J/ψpi±. The upper limit of the ratioB(Zc(3900)± → J/ψpi±)×σγN→Zc(3900)±N/σγN→J/ψN
was determined to be 3.7× 10−3, which suggested that the hidden-charm decay mode Zc(3900)± → J/ψpi± was not its
dominant decay mode.
BESIII studied the Zc(3900)± → ωpi± decay and found no significant Zc(3900)± signals [167]. In Ref. [168], the
isospin violating decay Y(4260) → J/ψηpi0 was also studied by BESIII. No signal was observed and the upper limit
of the branching fraction ratio B(Z0c → J/ψη)/B(Z0c → J/ψpi0) was measured to be 0.15 at
√
s = 4.226 GeV and 0.65
at
√
s = 4.257 GeV.
2.1.5.2. Zc(4025) and Zc(4020). The Zc(4025) state was first observed in the (D∗D¯∗)± mass spectrum in the e+e− →
Y(4260)→ (D∗D¯∗)±pi∓ process by BESIII [161]. Almost at the same time, BESIII reported another charged charmonium-
like structure Zc(4020) in the pi±hc invariant mass distribution in the process of e+e− → Y(4260) → pi−pi+hc [160].
The masses and widths of the Zc(4025) and Zc(4020) resonances are collected in Table 8. As shown in Fig. 33, the
mass of the Zc(4025) state is very close to that of the Zc(4020) while the Zc(4025) is much broader than the Zc(4020).
In general, the resonance parameters of the Zc(4020) agree with those of the Zc(4025) state within 1.5σ [160]. If the
Zc(4025) and Zc(4020) are the same state, its quantum number are probably IG JP = 1+1+ [169].
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Figure 33: (Color online) The mass peaks of the Zc(4025) [161] and Zc(4020) [160] resonances in (D∗D¯∗)± (left) and pi±hc (right) invariant mass
distributions, respectively. The inset in the right panel shows the result of distributions including both the Zc(4020) and Zc(3900) decaying into
pi+hc.
The Zc(3900)± → hcpi± process was also included in the fit, which is shown as the inset in the right panel in Fig. 33
[160]. There was a weak signal of the Zc(3900) with a statistical significance of 2.1σ in this situation. The production
cross section of Zc(3900)± → pi±hc was found to be smaller than 11 pb at √s = 4.26 GeV at 90% C.L. [160]. This
upper limit was lower than the production cross section of Zc(3900)± → pi±J/ψ obtained in Ref. [64], which is about
14 pb.
Recently, the neutral partners of the Zc(4025) and Zc(4020) states were also observed by BESIII. In Ref. [170],
a neutral state Zc(4020)0 was reported in the e+e− → pi0pi0hc process. Its production cross section was half of that in
the e+e− → pi+pi−hc process within less than 2σ. The mass of the Zc(4020)0 was (4023.9 ± 2.2 ± 3.8) MeV, which
was consistent with that of the charged Z±c (4020) state. Later, BESIII observed another neutral state Zc(4025)0 in
the (D∗D¯∗)0 invariant mass distribution of e+e− → pi0(D∗D¯∗)0 process at √s = 4.23 GeV and 4.26 GeV [171]. The
measured mass and decay width were (4025.5+2.0−4.7±3.1) MeV and (23.0±6.0±1.0) MeV, respectively. The production
cross section σ(e+e− → Zc(4025)0pi0 → pi0(D∗D¯∗)0) was measured to be (43.4 ± 8.0 ± 5.4) pb at √s = 4.26 GeV.
Thus, the ratio σ(e
+e−→Zc(4025)0pi0→pi0(D∗D¯∗)0)
σ(e+e−→Z+c (4025)pi−→pi−(D∗D¯∗)+) ∼ 1 at
√
s = 4.26 GeV [171]. This result is consistent with the expectation
of isospin symmetry. The mass peaks of the neutral states Zc(4020)0 and Zc(4025)0 in the pi0hc and (D∗D¯∗)0 invariant
mass distributions are shown in Fig. 34.
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2.2. Charged bottomonium-like states Zb(10610) and Zb(10650)
In 2011, the Belle Collaboration reported two narrow structures in the invariant mass distributions of the pi±Υ(nS )
(n = 1, 2, 3) and pi±hb(mP) (m = 1, 2) final states in the processes Υ(5S ) → Υ(nS )pi±pi∓ (n = 1, 2, 3) and Υ(5S ) →
hb(mP)pi±pi∓ (m = 1, 2) [172] (see Fig. 35). We collect the observed channels, masses and widths of these two
bottomonium-like states in Table 9. The averaged masses and widths over the five final states are M1 = (10607.2±2.0)
MeV, Γ1 = (18.4 ± 2.4) MeV for Zb(10610) and M2 = (10652.2 ± 1.5) MeV, Γ2 = (11.5 ± 2.2) MeV for Zb(10650),
which are also listed in the Table. The observed Zb(10610) and Zb(10650) states lie slightly above the BB¯∗ and B∗B¯∗
thresholds, respectively.
Belle also performed the charged pion angular distribution analysis in Ref. [173], which favored the JP = 1+
spin-parity assignment for both the Zb(10610) and Zb(10650). Since the initial state Υ(5S ) has IG = 1−, the isospin
and G-parity of the Zb states should be IG = 1+ due to the pion emission [173]. The recent amplitude analysis of
the three-body Υ(nS )pi+pi− final states confirmed the IG JP = 1+1+ assignment for both the Zb(10610) and Zb(10650)
states [174].
Table 9: The resonance parameters for the Zb(10610) and Zb(10650) from the pi±Υ(nS ) (n = 1, 2, 3) and pi±hb(mP) (m = 1, 2) decay channels [172].
Zb(10610) Zb(10650)
Channels Mass (MeV) Width (MeV) Mass (MeV) Width (MeV)
pi±Υ(1S ) 10611 ± 4 ± 3 22.3 ± 7.7+3.0−4.0 10657 ± 6 ± 3 16.3 ± 9.8+6.0−2.0
pi±Υ(2S ) 10609 ± 2 ± 3 24.2 ± 3.1+2.0−3.0 10651 ± 2 ± 3 13.3 ± 3.3+4.0−3.0
pi±Υ(3S ) 10608 ± 2 ± 3 17.6 ± 3.0 ± 3.0 10652 ± 1 ± 2 8.4 ± 2.0 ± 2.0
pi±hb(1P) 10605 ± 2+3−1 11.4+4.5+2.1−3.9−1.2 10654 ± 3+1−2 20.9+5.4+2.1−4.7−5.7
pi±hb(2P) 10599+6+5−3−4 13
+10+9
−8−7 10651
+2+3
−3−2 19 ± 7+11−7
Averaged 10607.2 ± 2.0 18.4 ± 2.4 10652.2 ± 1.5 11.5 ± 2.2
The neutral Z0b (10610) state was also observed soon in a Dalitz analysis of Υ(10860) → Υ(nS )pi0pi0, (n = 1, 2, 3)
decays by the Belle Collaboration [175, 176]. The observed mass of the Zb(10610)0 was (10609 ± 4 ± 4) MeV, which
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Figure 35: Signals for the Zb(10610) and Zb(10650) structures in Υ(1S )pi, Υ(2S )pi, Υ(3S )pi, hb(1P)pi and (e) hb(2P)pi from Belle [172].
was consistent with that of the charged Zb(10610)± state. There was no significant signal for the Zb(10610)0 in the
Υ(1S )pi0 final states, as shown in Fig. 36. However, the present data are insufficient to observe the neutral partner of
the Zb(10650) in the Υ(nS )pi0pi0 (n = 1, 2, 3) channels [175, 176].
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Figure 36: (Color online) The neutral partner the Zb(10610)0 in the Υ(nS )pi0 (n = 1, 2, 3) final states from Belle [176].
In Ref. [177], Belle observed the open-bottom decay modes of the Zb(10610) and Zb(10650) states via Υ(10860)→
Zb(10610)±pi∓ → [BB¯∗ + c.c.]±pi∓ and Υ(10860) → Zb(10650)±pi∓ → [B∗B¯∗]±pi∓ processes. Meanwhile, they also
studied the Υ(10860) → Υ(nS )pi+pi− (n = 1, 2, 3) and Υ(10860) → hb(mP)pi+pi− (m = 1, 2) decays. They measured
the ratios of the branching fractions [177]:
B(Zb(10610)→ BB¯∗)∑
n=1,2,3 B(Zb(10610)→ Υ(nS )pi) + ∑m=1,2 Zb(10610)→ hb(mP)pi = 6.2 ± 0.7 ± 1.3+0.0−1.8 , (47)
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and
B(Zb(10650)→ B∗B¯∗)∑
n=1,2,3 B(Zb(10650)→ Υ(nS )pi) + ∑m=1,2 Zb(10650)→ hb(mP)pi = 2.8 ± 0.4 ± 0.6+0.0−0.4 , (48)
which indicated that the open-bottom decays Zb(10610) → BB¯∗ and Zb(10610) → B∗B¯∗ were the dominant decay
modes for the Zb(10610) and Zb(10650) respectively.
Recently, the Belle Collaboration studied the Υ(11020) → hb(nP)pi+pi− (n = 1, 2) transitions and found evidence
for the Υ(11020) decays into the charged bottomonium-like Zb(10610) and/or Zb(10650) states [178].
There were some other efforts to search for the new bottomonium-like states. In Ref. [179], Belle studied the
Xb → ωΥ(1S ) process and found no significant bottomonium-like signal decaying into ωΥ(1S ) with a mass between
10.55 GeV and 10.65 GeV. The ATLAS Collaboration tried to search for the bottomonium-like states in the Xb →
Υ(1S )pi+pi− channel near
√
s = 8 TeV at LHC [180]. However, they found no evidence for any new structure in the
mass ranges 10.05 − 10.31 GeV and 10.40 − 11.00 GeV.
2.3. The hidden-charm pentaquark states observed by LHCb
Recently, the LHCb Collaboration reported the observation of two exotic structures, denoted as the Pc(4380)+
and Pc(4450)+, in the J/ψp invariant mass spectrum of the Λ0b → J/ψK−p decay [2]. They used the data of pp
collisions corresponding to 1 fb−1 of integrated luminosity at 7 TeV, and 2 fb−1 at 8 TeV. The significance of the lower
mass and higher mass states is 9σ and 12σ, respectively. Both resonances decay into the J/ψp final states. They
must have minimal quark contents cc¯uud, and thus are good candidates of exotic hidden-charm pentaquarks. Further
experimental research should be pursued to confirm these pentaquark states.
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Figure 37: (Color online) The K−p (left) and J/ψp (right) invariant mass spectrum of Λ0b → J/ψK−p from LHCb [2], where the background has
been subtracted. Fit projections for the reduced Λ∗ model with two P+c states are also shown.
The LHCb Collaboration used an amplitude analysis of the three-body final-state, and extracted the masses and
widths of the Pc(4380)+ and Pc(4450)+ to be
MPc(4380)+ = (4380 ± 8 ± 29) MeV ,
ΓPc(4380)+ = (205 ± 18 ± 86) MeV , (49)
MPc(4450)+ = (4449.8 ± 1.7 ± 2.5) MeV ,
ΓPc(4450)+ = (39 ± 5 ± 19) MeV .
The Pc(4380)+ and Pc(4450)+ states preferred the JP assignments (3/2−, 5/2+), but LHCb also said that “Other combi-
nations are less likely” [2], i.e., the −2 lnL values were only 1 unit better than those of the parity reversed combination
(3/2+, 5/2−), and 2.32 units better than those of the (5/2+, 3/2−) assignment. All the other combinations from 1/2±
through 7/2± were tested and ruled out.
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distributions for the best fit with the two P+c states.
Their best fit projections with these two P+c states are shown in Fig. 37, where the fractions of the total sample
due to the Pc(4380)+ and Pc(4450)+ are (8.4 ± 0.7 ± 4.2)% and (4.1 ± 0.5 ± 1.1)%, respectively. For comparison, the
fractions of the Λ(1405) and Λ(1520) are (15± 1± 6)% and (19± 1± 4)%, respectively. The Dalitz plot and the decay
angular distributions for this best fit are shown in Fig. 38.
The LHCb Collaboration reported the branching fraction of the Λ0b → J/ψK−p decay recently [181]:
B(Λb0 → J/ψK−p) = (3.04 ± 0.04 ± 0.06 ± 0.33+0.43−0.27) × 10−4 . (50)
Hence, the product branching ratios of the Pc(4380)+ and Pc(4450)+ were determined to be
B(Λb0 → K−Pc(4380)+) × B(Pc(4380)+ → J/ψp) = (2.56 ± 0.22 ± 1.28+0.46−0.36) × 10−5 , (51)
B(Λb0 → K−Pc(4450)+) × B(Pc(4450)+ → J/ψp) = (1.25 ± 0.15 ± 0.33+0.22−0.18) × 10−5 . (52)
3. Theoretical interpretations of the hidden-charm pentaquark states
At the birth of the quark model (QM), the multiquark states with configurations like (qqq¯q¯) and (qqqqq¯) were
proposed together with the conventional mesons and baryons [18, 182]. In general, the possible hadron configurations
include
Hadron

Conventional QM states

Meson : qq¯, Qq¯, QQ¯
Baryon : qqq, Qqq, QQq, ...
Exotic states

Molecular state
Hybrid meson
Glueball
Tetraquark
Pentaquark
...
,
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where q and Q denote the light (u, d, s) and heavy (c, b) quarks, respectively. Among the above configurations, the
molecular states, hybrid mesons, glueballs, tetraquarks, and pentaquarks etc, are exotic states within the context of the
quark model as emphasized in the introduction. Exploration of these exotic states has been one of the central topics
of hadron physics in the past several decades.
3.1. The molecular scheme
Among these exotic states, the molecular states, which are composed of two color-singlet hadrons, have received
extensive attention. The deuteron is a very typical example of the molecular state, which is a loosely bound state of a
proton and a neutron with a binding energy around 2.225 MeV only. Sometimes the molecular states are also denoted
as the multiquark states in literatures. However, they are loosely bound by the color-singlet meson exchange force
with the binding energy around several MeV to several tens MeV only. In contrast, the “genuine” multiquark states
are confined within one box via the color force. In some phenomenological models, their building blocks are colored
objects such as quarks, diquarks and triquarks etc.
Forty years ago, Voloshin and Okun investigated the interaction of a pair of charmed mesons and the possible
molecular states [183]. de Rujula, Georgi, and Glashow studied the possibility of the ψ(4040) as a D∗D¯∗ molecular
charmonium [184]. With the quark-pion interaction model, To¨rnqvist calculated the possible DD¯∗ and D∗D¯∗ molec-
ular states in Refs. [185, 186]. Later, Dubynskiy and Voloshin also indicated the existence of a possible resonance
around the DD¯∗ threshold [187, 188].
Lipkin discussed the molecular anticharmed strange pentaquark Pc¯s composed of a nucleon and D¯s meson with a
simplified version of the color-spin hyperfine interaction model [27]. In the light quark sector, Weinstein and Isgur
proposed the f0(980) and a0(980) as the KK¯ molecular states in Refs. [189, 190, 191]. However, their partner states σ
and κ within the nonet can not be explained within this molecular scheme. The advent of the chiral unitary approach
has brought new light into this issue and all those states are generated from a coupled channels unitary approach based
on the interaction provided by the chiral Lagrangians [192, 39].
Unfortunately, the early-stage theoretical efforts on the hidden-charm molecular states were not supported by the
subsequent experimental progress. Before 2003, all the experimental observed charmonium states could be accommo-
dated within the quark model easily. In fact, there was no need to introduce the molecular picture into the charmonium
spectroscopy at that time.
The story of the molecular states changed dramatically in 2003, which is the renaissance year of the hadron
spectroscopy. Since 2003, more and more new light hadron states and charmonium-like states were reported ex-
perimentally. Some of them lie close to the threshold of two mesons and are considered as good candidates of the
molecular states. In the following, we list several typical examples:
• In 2003, the X(1835) was observed by the BESII Collaboration in the pp¯ mass spectrum of the J/ψ → γpp¯
radiative decay [193], with mass M = (1859+3−10
+5
−25) MeV and width Γ < 30 MeV. Since this enhancement
structure is close to the pp¯ threshold, the X(1835) was suggested to be a baryonium state in Refs. [194, 195,
196].
• In 2003, the charmonium-like state X(3872) was announced by the Belle Collaboration [63] (see Sec. 2.1.1.1
for its experimental information). The X(3872) sits on the DD¯∗ threshold, which inspired the DD¯∗ molecular
explanation [197]. Over the past 13 years, there have been heated discussions on this issue. In Sec. 4.5, we will
introduce the current status of the X(3872) in detail.
• BaBar observed a narrow state Ds0(2317) in the D+s pi0 invariant mass spectrum from the e+e− annihilation [198].
The observation of the Ds0(2317) also stimulated discussions of the DK molecular state [199].
• The Y(3930) and Y(4140) were reported by the Belle [96] and CDF [69] collaborations (see Sec. 2.1.1.2 and
Sec. 2.1.1.3 for more details), respectively. Due to their similarity and proximity to the two-meson thresholds,
the Y(3930) and Y(4140) were proposed as the DD¯∗ and DsD¯∗s molecular states in Ref. [200], respectively.
• As the first observed charged charmonium-like state, the Z+(4430) was once suggested to be the D1(D′1)D¯∗
molecule in Ref. [201] and was reexamined in Refs. [202, 203] by a dynamical calculation. Later, more charged
states Zb(10610), Zb(10650) and Zc(3900) were reported. Lying very close to the BB¯∗ and B∗B¯∗ thresholds, the
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Zb(10610) and Zb(10650) were proposed as the BB¯∗ and B∗B¯∗ molecular states in Ref. [204], respectively. Their
hidden-charm partners were also predicted, which can be related to the Zc(3900) [205].
3.1.1. The deuteron as a hadronic molecule
To date, the deuteron is the only well-established hadronic molecular state. As a loosely bound state composed
of a proton and a neutron, the deuteron is the only bound state of the NN system with JP = 1+ and a binding energy
E = 2.225 MeV. The deuteron is a very typical molecular system, where the internal motion of nucleons is governed
by the non-relativistic nuclear force. By solving the Schro¨dinger equation, one can get useful information of the
deuteron.
Yukawa first proposed that the nucleon-nucleon interaction is mediated through the exchange of the pi meson,
which contributes to the long-range part of the nuclear force. The effective piNN interaction Lagrangian reads
L = gNNpiψ¯iγ5τψ · pi, (53)
with ψ = (p, n), pi = (pi1, pi2, pi3) in the isospin space, and gNNpi the coupling constant. With Eq. (53), the non-
relativistic nucleon-nucleon potential via pi meson exchange can be obtained as
Vpi =
g2NNpi
4pi
m2pi
12m2N
(τ1 · τ2)
{
σ1 · σ2 +
[
3(σ1 · r)(σ2 · r)
r2
− σ1 · σ2
] [
1 +
3
mpir
+
3
m2pir2
]}
e−mpir
r
, (54)
where mN and mpi denote the masses of nucleon and pi meson, respectively.
There exists strong attraction between two nucleons in the medium range. Such attraction can be reproduced well
through the scalar meson σ exchange with a mass around 600 MeV, which mimics the correlated two-pion exchange
in the modern version of the nuclear force based on the chiral perturbation theory [206]. The short-range nuclear force
is strongly repulsive. The repulsion is described by the exchange of the vector mesons ρ and ω, which play the same
role as the multiple pion exchange and the low-energy-constant contributions in the chiral perturbation theory. The
meson exchange model is the basis of the Nijimegen potential and Bonn potential.
The deuteron is a very shallow bound state with a large spatial distribution. Its radial wave function extends to
2 fm. In fact, a small binding energy and a large radius are key features of the hadronic molecular states. The long-
range attraction through the pion exchange, the S-wave and D-wave channel coupling, the tensor force and short-range
repulsion work together to form the extremely loosely bound deuteron. This is an important lesson we learn from the
deuteron, which should guide us in the exploration of the hidden-charm hadronic molecules.
An interesting test to distinguish the deuteron as a proton neutron bound state from a more elementary structure
was provided by Ref. [207]. This compositeness condition has been applied to claim other molecular states [208] and
generalized to coupled channels in Refs. [209, 210] and to higher partial waves in Ref. [211].
3.1.2. The meson exchange model
Since 2003, many enhancement structures near the two-hadron thresholds have been reported as shown in Table
10. The proximity of their masses to the thresholds inspired molecular explanations of these structures [196, 215,
216, 202, 217, 218, 219, 220, 221, 222, 223, 224, 225, 203, 226, 200, 227, 228, 229, 230, 231, 232, 233, 234, 235,
236, 237, 238, 239]. With the refinement of the meson exchange model, many subtle aspects of this framework
were investigated, such as the S-D wave mixing effect [185, 197], coupled-channel effect [240, 241, 242], and recoil
correction [243, 244].
In the deduction of the effective potential of the molecular system, one first derives the relativistic scattering
amplitude at the tree level
〈 f |S |i〉 = δ f i + i〈 f |T |i〉 = δ f i + i(2pi)4δ4(p f − pi)M f i , (55)
where T is the interaction part of the S matrix andM denotes the invariant matrix element. After applying the Bonn
approximation to the Lippmann-Schwinger equation, the S matrix reads
〈 f |S |i〉 = δ f i − i2piδ(E f − Ei)V f i , (56)
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Table 10: Some new hadron states which are close to the two-hadron thresholds.
Observation Threshold Observation Threshold
X(1860) [193] pp¯ Ds0(2317) [198] DK
Ds1(2460) [212] D∗K X(3872) [63] D∗D
Y(3940) [96] D∗D∗ Y(4140) [69] D∗sD∗s
Y(4274) [100] Ds0(2317)D Y(4630) [147] ΛcΛc
Z+(4430) D1D∗/D′1D
∗ Z+(4250) [109] D1D/D0D∗
Λc(2940) [213] D∗N Σc(2800) [214] DN
where V f i is the effective potential in the momentum space. Considering the different normalization conventions
adopted for the scattering amplitudeM f i and the T -matrix T f i and V f i, the scattering amplitudeM f i can be related to
the corresponding effective potential in the momentum space V(q) [245]
V f i(q) = − M f i√
Π f 2p0f Πi2p
0
i
≈ − M{〉√
Π f 2m0f Πi2m
0
i
, (57)
where p f (i) and m f (i) denote the four-momentum and mass of the final (initial) state, respectively.
Generally, one also needs to introduce the form factor in each interaction vertex, which reflects the off-shell
effect of the exchanged meson and the structure effect, because the components of the molecular state and exchanged
mesons are not elementary particles. Although various form factors were adopted in dealing with different systems
[186, 222, 246, 247], we take the simple monopole form factor as an example
F(q) =
Λ2 − m2E
Λ2 − q2 , (58)
where mE and q denote the mass and four-momentum of the exchanged meson, respectively, and Λ is a cutoff.
As q2 → 0 and Λ  mE , the form factor approaches to the unity. As q2 → ∞, the form factor approaches to zero.
Within the framework of the meson exchange model, a constituent hadron is treated as a whole. Its inner structure
should not be explored by the exchanged meson. The large momentum contribution from the meson exchange should
be suppressed. Otherwise, such a formalism is not self-consistent. In other words, the form factor is introduced to cut
off the ultraviolet contribution [203].
By performing the Fourier transformation to V f i(q), one obtains the effective potential V f i(r) in the coordinate
space, which can be applied to search for the bound state solution by solving the Schro¨dinger equation.
3.1.3. Predictions for the hidden-charm pentaquarks before LHCb’s discovery
Before LHCb’s discovery of the Pc(4380) and Pc(4450) [2], the possible hidden-charm molecular baryons com-
posed of an S-wave anti-charmed meson and an S-wave charmed baryon were studied extensively in the framework of
one boson exchange (OBE) model in 2011, where the existence of hidden-charm pentaquarks were predicted [248].
We need to specify that the interaction between various charmed mesons and charmed baryons was first studied within
the framework of the coupled channel unitary approach with the local hidden gauge formalism [249, 250], and several
meson-baryon dynamically generated narrow N∗ and Λ∗ resonances were predicted with mass above 4 GeV and width
smaller than 100 MeV. In this subsection, we first introduce the prediction of the OPE model, and we shall detailly
review the prediction of the channel unitary approach in Sec. 3.2.
As shown in Fig. 39, the S-wave charmed baryons belong to either the symmetric 6F or antisymmetric 3¯F flavor
representation with JP = 1/2+ or 3/2+ for 6F and JP = 1/2+ for 3¯F . Additionally, the pseudoscalar and vector
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anti-charmed mesons form an S-wave anti-charmed meson family. In Ref. [248], the authors mainly focused on the
hidden-charm molecular states composed of the charmed baryons and anti-charmed mesons in the green range of Fig.
39.
Σ0c[ddc] Σ
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c [udc] Σ
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c [uuc]
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Figure 39: (Color online) The S-wave charmed baryons with JP = 1/2+ and the S-wave anti-charmed pseudoscalar/vector mesons contributing to
the hidden-charm molecular baryons. Taken from Ref. [248].
The effective meson exchange potentials of the hidden-charm systems ΛcD¯ with I(JP) = 12 (
1
2
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−), 12 (
1
2
−), 32 (
3
2
−) were extracted in the OBE model. After
solving the coupled-channel Schro¨dinger equation, the numerical results indicated that there do not exist the ΛcD¯ and
ΛcD¯∗ molecular states.
There do exist molecular bound state solutions for five channels: the ΣcD¯∗ system with I(JP) = 12 (
1
2
−), 12 (
3
2
−),
3
2 (
1
2
−), 32 (
3
2
−) and the ΣcD¯ system with 32 (
1
2
−) [248]. Especially, the predicted ΣcD¯∗ molecular state with I(JP) = 12 (
3
2
−)
[248] seems to match one of the two pentaquark states observed by the LHCb Collaboration in 2015 [2].
The LHCb Collaboration reported two enhancement structures Pc(4380) and Pc(4450) in the J/ψp invariant mass
spectrum of Λb → J/ψpK [2]. The experimental information was reviewed in Sec. 2.3. Since their final states are
J/ψp, each of these Pc states with isospin I = 1/2 contains a pair of cc¯.
The Pc(4380) lies near the Σc(2455)D¯∗(2010) and Σ∗c(2520)D¯(1870) thresholds while the Pc(4450) is very close
to the Σc(2520)D¯∗ and Σ∗c(2520)D¯∗ thresholds. It is interesting to note that the mass gap between the Pc(4450) and
Pc(4380) is almost the same as the mass difference between the Σ∗c(2520) and Σc(2455).
3.1.4. Molecular assignments after LHCb’s discovery
After LHCb’s discovery, several groups explored the molecular assignment of these two Pc states [251, 252]. In
Ref. [251], the assignments of the Pc(4380) and Pc(4450) as the hidden-charm Σc(2455)D¯∗ and Σ∗c(2520)D¯∗ molecular
pentaquarks and their partner states were investigated carefully with the one pion exchange (OPE) model. Their flavor
wave functions |I, I3〉 were constructed as

∣∣∣ 12 , 12〉 = √ 23 ∣∣∣Σ(∗)++c D∗−〉 − 1√3 ∣∣∣Σ(∗)+c D¯∗0〉∣∣∣ 12 ,− 12〉 = 1√3 ∣∣∣Σ(∗)+c D∗−〉 − √ 23 ∣∣∣Σ(∗)0c D¯∗0〉 ,

∣∣∣ 32 , 32〉 = ∣∣∣Σ(∗)++c D¯∗0〉∣∣∣ 32 , 12〉 = 1√3 ∣∣∣Σ(∗)++c D∗−〉 + √ 23 ∣∣∣Σ(∗)+c D¯∗0〉∣∣∣ 32 ,− 12〉 = √ 23 ∣∣∣Σ(∗)+c D∗−〉 + 1√3 ∣∣∣Σ(∗)0c D¯∗0〉∣∣∣ 32 ,− 32〉 = ∣∣∣Σ(∗)0c D∗−〉
.
The effective Lagrangians, which were constructed with the heavy quark symmetry and chiral symmetry [253,
254, 255, 256, 257, 258], were adopted to obtain the OPE effective potentials of the Σc(2455)D¯∗ and Σ∗c(2520)D¯∗
systems,
L = igTr
[
H¯a
(Q¯)
γµAµabγ5H
(Q¯)
b
]
, (59)
L = −3
2
g1εµνλκvκTr
[
S¯µAνSλ
]
. (60)
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The multiplet field composed of the pseudoscalar P and vector P∗(Q¯) with P∗(Q¯) = (D¯∗0,D∗−)T is defined as H(Q¯)a =
[P∗(Q¯)µa γµ−P(Q¯)a γ5] 1−/v2 with v = (1, ~0). The superfield Sµ is composed of spinor operators as Sµ = −
√
1
3 (γµ+vµ)γ
5B6 +
B∗6µ, where B6 and B∗6 are the multiplets corresponding to JP = 1/2+ and JP = 3/2+ in the 6F flavor representation,
respectively. The axial current Aµ = 12 (ξ
†∂µξ − ξ∂µξ†) with ξ = exp(iP/ fpi) and fpi = 132 MeV. The expressions of P,
B6, and B∗6 are
P =

pi0√
2
pi+
pi− − pi0√
2
 , B6 =
 Σ
++
c
Σ+c√
2
Σ+c√
2
Σ0c
 , B∗6 =
 Σ
∗++
c
Σ∗+c√
2
Σ∗+c√
2
Σ∗0c
 . (61)
Eqs. (59) and (60) can be further expanded as
LD¯∗D¯∗P = i2gfpi v
αεαµνλD¯
∗µ†
a D¯∗λb ∂
νPab, (62)
LB6B6P = i
g1
2 fpi
εµνλκvκTr
[
B¯6γµγλ∂νPB6
]
, (63)
LB∗6B∗6P = −i
3g1
2 fpi
εµνλκvκTr
[
B¯∗6µ∂νPB∗6ν
]
, (64)
where the coupling constant g = 0.59 ± 0.07 ± 0.01 was extracted from the D∗ decay width [259] and g1 = 0.94 fixed
in Refs. [258, 248].
With the standard procedure of the meson exchange model, one gets the general expressions of the effective
potentials for the ΣcD¯∗ and Σ∗cD¯∗ systems,
VΣcD¯∗ (r) =
1
3
gg1
f 2pi
∇2Y(Λ,mpi, r)J0 G0, (65)
VΣ∗c D¯∗ (r) =
1
2
gg1
f 2pi
∇2Y(Λ,mpi, r)J1 G1, (66)
where the Y(Λ,m, r) function reads
Y(Λ,m, r) =
1
4pir
(
e−mr − e−Λr
)
− Λ
2 − m2
8piΛ
e−Λr . (67)
In Eqs. (65) and (66), the coefficients Ji and Gi (i = 0, 1) for different isospin and 2S +1LJ quantum numbers are
collected in Table 11.
Table 11: The values of the Ji and Gi coefficients for the S-wave Σc(2455)D¯∗ and Σ∗c(2520)D¯∗ systems. Here, S , L, and J denote the spin, orbital,
and total angular quantum numbers, respectively. Taken from Ref. [251].
I G0 G1
∣∣∣2S +1LJ〉 J0 J1
1/2 1 -1
∣∣∣∣2S 1
2
〉
-2 5/3
3/2 -1/2 1/2
∣∣∣∣4S 3
2
〉
1 2/3
. . . . . . . . .
∣∣∣∣6S 5
2
〉
. . . -1
We summarize some interesting observations in Ref. [251]:
• Under the molecular scheme, the masses of the Pc(4380) and Pc(4450) are reproduced very well as shown in
Figs. 40 (a) and 40 (b). Moreover their spatial extension is quite large, around 1-2 fm, which is a characteristic
feature of a hadronic molecule.
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Figure 40: (Color online) The variation of the OPE potential and the radial wave function with r for the Σ(∗)c D¯∗ systems. Λ = 2.35 GeV and
Λ = 1.77 GeV for the ΣcD¯∗ and Σ∗cD¯∗ systems, respectively. The blue curve is the effective potentials, and the red line is the energy level. Taken
from Ref. [251].
• If the Pc states are S-wave molecular states, both of them carry negative parity. They can transit into J/ψp
via the exchange of an S -wave charmed meson. The ΣcD¯∗ state with (I = 1/2, J = 3/2) decays into J/ψp
via S-wave while the Σ∗cD¯∗ state with (I = 1/2, J = 5/2) decays into J/ψp via D-wave. The D-wave decay is
strongly suppressed by small phase space. In other words, the Pc(4450) is quite narrow while the Pc(4380) is
broad [2]. These two Pc states also decay into ηc p.
• There exist several isospin partners of the Pc states as shown in Fig. 40 (c) and (d). With the same set of
parameters, the binding energy of the ΣcD¯∗ system with (I = 3/2, J = 1/2) is the same as that of the ΣcD¯∗
system with (I = 1/2, J = 3/2). With the same set of parameters, the binding energy of the Σ∗cD¯∗ system with
(I = 3/2, J = 1/2) is 28 MeV, which is smaller than that of the Σ∗cD¯∗ system with (I = 1/2, J = 5/2). The
allowed decay modes of these two I = 3/2 states include ∆(1232)J/ψ and ∆(1232)ηc.
3.1.5. Configuration mixing
Besides the assignment of the Pc(4380) and Pc(4450) as the hidden-charm Σc(2455)D¯∗ and Σ∗c(2520)D¯∗ molecular
pentaquarks in Ref. [251], He also studied the molecular baryons [252]. He derived the OBE effective potentials and
solved the Bethe-Saltpeter equation with a spectator quasipotential approximation, where the Pc(4380) and Pc(4450)
were explained as the D¯Σ∗c molecular state with JP = 3/2− and the D¯∗Σc molecular state with JP = 5/2+, respectively.
In the heavy quark symmetry limit, the (D,D∗) pair forms a degenerate doublet. The (Σc,Σ∗c) pair is also degener-
ate. Except for the isospin and spin factors, the interactions between the (D,D∗) and (Σc,Σ∗c) pairs are essentially the
same and governed by the same coupling constants. For example, the D¯Σ∗c molecular state with JP = 3/2− discussed
in Ref. [252] is essentially the same as the Σc(2455)D¯∗ molecular state with JP = 3/2− in Ref. [251] in the heavy
quark symmetry limit.
Generally speaking, several degenerate flavor configurations contribute to the same hidden-charm molecular
baryons with fixed I(JP) in the heavy quark symmetry limit. There exists strong configuration mixing. In the real
world, the charm mass is around 1.5 GeV. The mass degeneracy of the heavy hadron pair is removed by the 1/Mc
correction with a mass splitting around 100 MeV. The mass gap between different mass thresholds is around several
tens MeV, which is comparable with (or even larger than) the binding energy for the hidden-charm molecular baryons.
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The coupled-channel effects due to the flavor configuration mixing may turn out to be important. Such an investigation
is still missing at present.
3.1.6. Orbital excitations and the Pc parity
If both the Pc(4380) and Pc(4450) are the S-wave hidden-charm molecular states, their parities are negative which
seems in conflict with LHCb’s measurement that the Pc(4380) and Pc(4450) have opposite parities [2]. Recall that
the D-wave contribution is only a few percent in the case of the deuteron, where the binding energy is around 2 MeV.
However, the D-wave component contributes significantly to the formation of the shallow bound state through the
tensor force and S-D wave mixing. The lesson is that the orbital excitation is important!
In the case of the hidden-charm molecular baryons, the P-wave, D-wave or even higher orbital excitations may
accompany the lowest S-wave state if the binding energy of the hadronic molecule ground state reaches several MeV
to several tens MeV. Especially, the P-wave state may lie very close to the S-wave ground state with an excitation
energy around several to tens MeV. These two levels are almost degenerate but carry opposite parities. They may
completely overlap with each other.
For the P-wave orbitally excited molecular baryons, they decay into the J/ψP, ηcP modes via P-wave while their
S-wave decay modes χcJ p are either kinematically forbidden or strongly suppressed by phase space.
Compared with the S-wave decay, the P-wave decay width is suppressed by the factor (k/M)2 because of the
centrifugal barrier, where k is decay momentum and M is the pentaquark mass. For the J/ψp mode of the Pc(4450)
state, the suppression factor is around 30. In other words, the P-wave hidden-charm molecular pentaquarks are
expected to be quite narrow.
As pointed out in Ref. [260], there may exist two or more resonant signals around 4380 MeV which are close
to each other but may carry different parity. If the P-wave or higher excitation is very broad with a width around
500 MeV, such a state may easily be mistaken as the background. On the other hand, if an excitation lies several
MeV within 4380 MeV but with a width as narrow as several MeV, then it may probably be buried by the Pc(4380)
resonance with a width around 205 MeV! The same situation may also occur around 4450 MeV.
The above speculation may partly explain why the different assignments of the spins and parities for these two
Pc states yielded roughly the same good fit [2]. The identification of the nearly degenerate resonances with different
parities and widths may require huge amount experimental data.
We want to emphasize that the possible existence of the P-wave excitation together with the S-wave ground state
is the first intrinsic property of the hadronic molecular scheme.
The second intrinsic feature of the hidden-charm molecular states is that the open-charm decay modes should
dominate the hidden-charm decay modes. This observation is supported by the current experimental measurements
of the decay modes of the charged Zc (or Zb) states, where the open-charm decay width is much larger than the J/ψpi
partial width.
In other words, the J/ψp is not necessarily the dominant decay mode of the Pc(4380) state although it was observed
in the very clean J/ψp final state. Instead, the broad Breit-Wigner distribution of the Pc(4380) ensures that it could
decay into the open-charm modes such as D¯Σ∗c, ΣcD¯∗, D¯Σcpi, D¯Λ∗c, D¯∗Λc etc.
3.2. Dynamically generated resonance
In Refs. [249, 250], Wu, Molina, Oset and Zou studied the interaction between various charmed mesons and
charmed baryons within the framework of the coupled channel unitary approach with the local hidden gauge formal-
ism. The hidden-charm baryons are generated dynamically [249, 250]. The same/similar method was also used to
study the hidden-charm baryons in a series of papers [261, 262, 263, 264, 265, 266, 267], all of which are done before
the LHCb’s discovery of the Pc(4380) and Pc(4450) [2]. The same/similar approach was applied to study hidden-
bottom baryons [268, 269] and their productions [270, 271, 272, 273], some of which will be discussed in Sec. 3.7
and Sec. 3.8, respectively. In this review we introduce this method and review their results briefly. However, we shall
not discuss its application for open-charm baryons [274, 275, 276, 277, 278].
In Refs. [249, 250], Wu et al. considered the PB→ PB and VB→ VB interactions by exchanging a vector meson
V∗, where P denotes the pseudoscalar charmed mesons D and Ds, V denotes the vector charmed mesons D∗ and
D∗s, and B denotes the charmed baryons Σc, Λc, Ξc, Ξ′c and Ωc. The corresponding Feynman diagrams are shown in
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Figure 41: Feynman diagrams for the pseudoscalar-baryon (a) and vector-baryon (b) interactions via the exchange of a vector meson. Taken from
Ref. [250].
Fig. 41, where the exchanged vector meson V∗ can be the ρ, ω, K∗ and φ. The vertices for exchanging vector mesons
come from the following three Lagrangians
LVVV = ig〈Vµ[Vν, ∂µVν]〉 ,
LPPV = −ig〈Vµ[P, ∂µP]〉 , (68)
LBBV = g(〈B¯γµ[Vµ, B]〉 + 〈B¯γµB〉〈Vµ〉) .
Here, the first Lagrangian was constructed based on the hidden gauge interaction for vector mesons [279, 280, 281,
282]; the third Lagrangian was introduced in Refs. [283, 284, 285, 286, 287] for the case of three flavors, and was
extended to the case of four flavors in Refs. [249, 250], where
P =

pi0√
2
+
η8√
6
+
η˜c√
12
+
η˜′c√
4
pi+ K+ D¯0
pi− − pi0√
2
+
η8√
6
+
η˜c√
12
+
η˜′c√
4
K0 D−
K− K¯0 −2η8√
6
+
η˜c√
12
+
η˜′c√
4
D−s
D0 D+ D+s − 3η˜c√12 +
η˜′c√
4

, (69)
Vµ =

ρ0√
2
+
ω8√
6
+ ω˜c√
12
+
ω˜′c√
4
ρ+ K∗+ D¯∗0
ρ− − ρ0√
2
+
ω8√
6
+ ω˜c√
12
+
ω˜′c√
4
K∗0 D∗−
K∗− K¯∗0 −2ω8√
6
+ ω˜c√
12
+
ω˜′c√
4
D∗−s
D∗0 D∗+ D∗+s − 3ω˜c√12 +
ω˜′c√
4

µ
. (70)
However, the BBV vertex in the case of four flavors does not have a simple representation as in the case of three
flavors. Wu et al. evaluated the matrix elements using SU(4) symmetry in terms of the Clebsch-Gordan coefficients
and reduced matrix elements.
Recall that the SU(3) flavor symmetry is broken at the level of 20% ∼ 30%. In general, the flavor SU(4) symmetry
is badly broken. One should be very cautious about the uncertainty of the J/ψDD and J/ψBB couplings derived from
the equations under the SU(4) symmetry. However, one should note that with the exchange of light vectors, the heavy
quarks are spectators, and one is using effectively SU(3) symmetry in the dominant terms.
The transition potential corresponding to the diagrams of Fig. 41 was given by [249, 250]
Vab(P1B1→P2B2) =
Cab
4 f 2
(q01 + q
0
2) , (71)
Vab(V1B1→V2B2) =
Cab
4 f 2
(q01 + q
0
2)~1 · ~2 , (72)
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where q01 and q
0
2 are the energies of the initial and final mesons, respectively. The Cab coefficients can be found in
Refs. [249, 250] for six cases with different isospin and strangeness (I, S ) = (3/2, 0), (1/2, 0), (1/2,−2), (1,−1),
(0,−1), (0,−3).
In the derivation of the above transition potential, the authors assumed that the three-momentum were much
smaller than its mass and kept γ0 and the time component only. In this way they derived the contact interaction for the
charmed meson and baryon. Such an approximation may not work very well when the states found are very bound.
The scattering matrix T was evaluated by solving the coupled channels Bethe-Salpeter equation in the on-shell
factorization approach [288, 289, 290]
T = [1 − V G]−1 V , (73)
where G is the loop function of a meson and a baryon, and was evaluated in the dimensional regularization as [288]
G(s) = i
∫
d4q
(2pi)4
2MB
(P − q)2 − M2B + iε
1
q2 − M2P + iε
, (74)
=
2MB
16pi2
{
aµ + ln
M2B
µ2
+
M2P − M2B + s
2s
ln
M2P
M2B
+
qcm√
s
[
ln(s − (M2B − M2P) + 2qcm
√
s) + ln(s + (M2B − M2P) + 2qcm
√
s)
−ln(−s − (M2B − M2P) + 2qcm
√
s) − ln(−s + (M2B − M2P) + 2qcm
√
s)
]}
,
where the regularization scale µ = 1 GeV and the parameter aµ is fixed around −2.3.
Wu et al. also took into account some decay mechanisms by considering the decay of the states to a light baryon
plus either a light meson or a charmonium through heavy charmed meson exchanges, as done in Refs. [291, 292].
Table 12: Mass (M), total width (Γ), and the partial decay width (Γi) for the states from PB→ PB, with units in MeV, taken from Refs. [249, 250].
(I, S ) M Γ Γi
(1/2, 0) piN ηN η′N KΣ ηcN
4261 56.9 3.8 8.1 3.9 17.0 23.4
(0,−1) K¯N piΣ ηΛ η′Λ KΞ ηcΛ
4209 32.4 15.8 2.9 3.2 1.7 2.4 5.8
4394 43.3 0 10.6 7.1 3.3 5.8 16.3
Table 13: Mass (M), total width (Γ), and the partial decay width (Γi) for the states from VB→ VB with units in MeV, taken from Refs. [249, 250].
(I, S ) M Γ Γi
(1/2, 0) ρN ωN K∗Σ J/ψN
4412 47.3 3.2 10.4 13.7 19.2
(0,−1) K¯∗N ρΣ ωΛ φΛ K∗Ξ J/ψΛ
4368 28.0 13.9 3.1 0.3 4.0 1.8 5.4
4544 36.6 0 8.8 9.1 0 5.0 13.8
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Their results of the pole positions and coupling constants are listed in Tables 12 and 13, where two N∗cc¯ states and
four Λ∗cc¯ states were found in the PB and VB scattering channels [249, 250]. All these states have masses larger than
4200 MeV due to their cc¯ components. Their decay properties were discussed and cross sections for their production
were estimated, suggesting that the ηcN and ηcΛ are possible decay modes for the PB channels, and the J/ψN and
J/ψΛ are possible modes for the VB channels. These results were used by Molina, Xiao, and Oset to study the
interaction of the J/ψ with nuclei in Ref. [262]. They evaluated the total inelastic cross section of the J/ψN and found
a maximum around
√
s = 4415 MeV, where the J/ψN couples to a resonance predicted in Refs. [249, 250] (see 4412
MeV in Table 13).
Later, Wu, Lee, and Zou considered several coupled-channel models derived from relativistic quantum field the-
ory [261]. They used both a unitary transformation method [293, 294], and the three-dimensional reductions of the
Bethe-Salpeter Equation [295], and found that all models gave very narrow molecular-like nucleon resonances with
hidden-charm in the mass range 4.3 − 4.5 GeV. Their results are consistent with the previous predictions [249, 250].
In Ref. [264], Xiao, Nieves, and Oset improved these results by including the leading order constraints of heavy
quark spin symmetry [296, 297, 298], and developed a series of relationships for the transition potentials between the
different meson-baryon channels in different combinations of spin and isospin. They found seven states with different
energies or different spin-isospin quantum numbers, all of which have I = 1/2:
the J = 1/2 sector : (4261.87 + i17.84) MeV , (4410.13 + i29.44) MeV , (4481.35 + i28.91) MeV ,
the J = 3/2 sector : (4334.45 + i19.41) MeV , (4417.04 + i4.11) MeV , (4481.04 + i17.38) MeV ,
the J = 5/2 sector : (4487.10 + i0) MeV .
These poles can be easily classified as four basic states: a) the first pole (4261.87 + i17.84) MeV, corresponding to a
D¯Σc state; b) the fourth pole (4334.45 + i19.41) MeV, corresponding to a D¯Σ∗c state; c) the second pole (4410.13 +
i29.44) MeV and the fifth pole (4417.04+ i4.11) MeV, both corresponding to a D¯∗Σc state; d) the third pole (4481.35+
i28.91) MeV, the sixth pole (4481.04 + i17.38) MeV, and the seventh pole (4487.10 + i0) MeV, all corresponding to a
D¯∗Σ∗c state. All these states are bound with about 50 MeV with respect to the corresponding D¯B thresholds.
In 2013, Garcia-Recio, Nieves, Romanets, Salcedo and Tolos studied the hidden charm N and ∆ resonances using a
similar method constrained by the extended SU(8) spin-flavour symmetry, but their obtained masses were substantially
smaller than the former values [263]. For the JP = 1/2−, 3/2−, and 5/2− hidden-charm resonances, their masses were
predicted to be 3918 ∼ 3974 MeV, 3946 ∼ 4006 MeV, 4027 MeV, respectively. The total decay widths of the above
three resonances were less than 10 MeV.
The results of Refs. [249, 250] were used by Xiao and Meissner to investigate the elastic and inelastic cross
sections of the J/ψN, ηcN, ΥN and ηbN channels, where the predicted neutral partners P0c of the P
+
c states may be
found in Ref. [267].
In a recent work [265], Uchino, Liang, and Oset once more improved their results by considering two types of ad-
ditional interactions as a box diagram correction. They found six states whose masses, widths, dominant components,
and main decay channel are collected in Table VIII of Ref. [265].
In short summary, there exist extensive theoretical investigations of the hidden-charm baryons within the coupled
channel unitary approach before and after the LHCb’s discovery of the Pc(4380) and Pc(4450) [2]. We summarize
several general features of the unitary approach.
• Only the hidden-charm baryons with negative parity are generated dynamically through the S-wave charmed
meson and baryon scattering.
• Nearly all the model calculations indicated that the total width of the hidden-charm baryons were less than 60
MeV. In other words, these resonances are very narrow.
• The J/ψN (or ηcN) is one of the decay modes of the non-strange hidden-charm baryons, but channels with open
charm or channels in the light sector still dominate.
• The charm-less decay modes contribute significantly to the total decay width of the non-strange hidden-charm
baryons.
• In general, several hidden-charm baryons are generated dynamically for one set of JP.
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• Within the same unitary approach, slightly different models lead to diverse predictions for the mass of the
hidden-charm baryon [249, 250, 261, 263, 264, 265], which indicate inherent uncertainties of this frame-
work [265].
Sometimes spurious resonances are dynamically generated within the same approach, which are excluded exper-
imentally. A recent investigation indicated that the inclusion of the higher order corrections may change the mass
prediction significantly, and “the LECs (note by the authors: low energy constants) should be determined in a more
reliable way in order to study the effects of higher-order potentials” [277].
3.3. QCD sum rules
In the previous two subsections, we reviewed the meson exchange model and the chiral unitary approach. These
two methods used the interactions between the charmed mesons and charmed baryons at the hadronic level to interpret
the hidden-charm pentaquarks discovered by the LHCb Collaboration [2]. It is also interesting to study the internal
structures of these pentaquarks at the quark gluon level. There have been several investigations of the hidden-charm
pentaquarks with the method of QCD sum rule.
3.3.1. A short introduction to the method of QCD sum rule
QCD sum rule techniques have proven to be a powerful and successful non-perturbative method over the past few
decades. Various aspects of this formalism have been reviewed in Refs. [299, 300, 301, 302, 49]. It can also be applied
in the framework of heavy quark effective theory [303, 304, 305] to study heavy mesons [306, 307, 308, 309, 310,
311, 312, 313, 314, 315, 316, 317] and heavy baryons [318, 319, 320, 321, 322, 323, 324, 325, 326, 327, 328, 329].
In addition to the operator product expansion (OPE), a key idea of the QCD sum rule is the quark-hadron duality,
i.e., the equivalence of the (integrated) correlation functions at both the hadronic level and the quark-gluon level. One
considers the correlation function
Π(q2) = i
∫
d4xeiqx〈0|T J(x)J†(0)|0〉 , (75)
where J(x) is an interpolating current which has the same quantum numbers as the hadron H we want to study. The
strength of J(x) coupling to H is defined as fH:
〈0|J(0)|H〉 ≡ fH . (76)
At the hadronic level, one expresses the correlation function in the form of the dispersion relation:
Π(q2) =
1
pi
∫ ∞
s<
ImΠ(s)
s − q2 − iεds , (77)
where the integration starts from the physical threshold. The imaginary part of the two-point correlation function is
the spectral density
ρphen(s) ≡ 1
pi
ImΠ(s) =
∑
n
δ(s − M2n)〈0|J|n〉〈n|J†|0〉 . (78)
One usually adopts a parametrization of one pole dominance for the ground state H and a continuum contribution:
ρphen(s) = f 2Hδ(s − M2H) + higher states . (79)
At the quark-gluonic level, one computes Π(q2) in the operator product expansion and evaluates ρ(s) = ρOPE(s)
up to certain order in the expansion. The sum rule analysis is then performed by using the Borel transformation
Π(all)(M2B) ≡ BM2BΠ(p2) =
∫ ∞
s<
e−s/M
2
Bρ(s)ds . (80)
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Assuming the contribution from the continuum states can be approximated well by the OPE spectral density above a
threshold value s0, one arrives at the sum rule relation
f 2He
−M2H/M2B =
∫ s0
0
e−s/M
2
Bρ(s)ds . (81)
Differentiating Log[Eq. (81)] with respect to 1/M2B, finally one obtains
M2H =
∫ s0
0 e
−s/M2B sρ(s)ds∫ s0
0 e
−s/M2Bρ(s)ds
. (82)
3.3.2. Pentaquark currents
The hidden-charm local pentaquark interpolating currents of spins J = 12/
3
2/
5
2 were systematically constructed in
Refs. [330, 331] based on the results of Refs. [332, 333, 334, 335, 336, 337, 338, 339, 340, 341, 36, 342, 343, 344, 345]
which studied light baryon, tetraquark and dibaryon currents. We pick out two of them and discuss their internal color
and flavor structure:
ηcc¯uud1µ (x) = [c¯d(x)γµcd(x)][abc
(
uTa (x)Cdb(x)
)
γ5uc(x)] , (83)
JD¯
∗Σc
µ (x) = [c¯d(x)γµdd(x)][abc
(
uTa (x)Cγνub(x)
)
γνγ5cc(x)] . (84)
Here, the sum over repeated indices (µ, ν, · · · for Dirac spinor indices, and a, b, · · · for color indices) is taken; the
superscript T represents the transpose of the Dirac indices only; C is the charge-conjugation operator; u(x), d(x), c(x),
and c¯(x) are the up, down, charm, and anti-charm quark fields at location x, respectively.
These two currents contain the same quark content cc¯uud and have the same quantum number JP = 3/2−. How-
ever, their internal structures are totally different. The first one ηcc¯uud1µ consists of two color-singlet components: c¯dγµcd
and abc(uTa Cdb)γ5uc, which have quantum numbers J
P = 1− and 1/2+, and couple to the J/ψ and proton, respectively.
The second one JD¯
∗Σc
µ consists of two color-singlet components: c¯dγµdd and abc(uTa Cγνub)γ
νγ5cc, which also have
quantum numbers JP = 1− and 1/2+, but couple to the D¯∗ and Σc, respectively. Hence, the ηcc¯uud1µ couples well to the
combination of the J/ψ and p, and the JD¯
∗Σc
µ couples well to the combination of D¯∗ and Σc.
These different internal structures suggest that the choice of currents could be important when applying the method
of QCD sum rule to study multiquark states, in which cases there always exist many currents of different color, flavor,
orbit and spin structures [331]. For example, if one wants to study a physical pentaquark state of the molecular type,
it would be best to choose an interpolating current also of the molecular type to ensure a large overlap with that state.
Moreover, if one obtains a good sum rule result by using such a current, the relevant state might be a molecular state.
But we note that even in this case it is difficult to fully distinguish between a tightly-bound pentaquark structure and
a weakly-bound molecular structure, because all the quark and anti-quark fields inside the current are at the same
space-time point.
Furthermore, the ηcc¯uud1µ and J
D¯∗Σc
µ still have some overlap and can be partly related to each other through the color
rearrangement and the Fierz transformation (see the example given in Ref. [331]), despite of their different internal
structures. The color rearrangement for pentaquarks was given in Ref. [330]
δdeabc = δdaebc + δdbaec + δdcabe , (85)
which can be used to relate the two color configurations, [c¯dcd][abcqaqbqc] and [c¯dqd][abccaqbqc]. Two similar ones
for tetraquarks are given in Ref. [340]
δadδbc =
1
3
δabδcd +
1
2
λabn λ
cd
n , (86)
λadn λ
bc
n =
16
9
δabδcd − 1
3
λabn λ
cd
n .
Based on these formulae, the color structure used in Ref. [346, 347] can be simplified to
ab f cegd f g = −δdaebc − δdbaec . (87)
There are several formulae related to the Fierz transformation, which were given and discussed in Ref. [340, 332, 331]:
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1. Products of two Dirac matrices without Lorentz indices:
1 ⊗ γ5
γµ ⊗ γµγ5
σµν ⊗ σµνγ5
γµγ5 ⊗ γµ
γ5 ⊗ 1

ab,cd
=

1
4 − 14 18 14 14
−1 − 12 0 − 12 1
3 0 − 12 0 3
1 − 12 0 − 12 −1
1
4
1
4
1
8 − 14 14


1 ⊗ γ5
γµ ⊗ γµγ5
σµν ⊗ σµνγ5
γµγ5 ⊗ γµ
γ5 ⊗ 1

ad,bc
. (88)
2. Products of two Dirac matrices with one Lorentz index:
1 ⊗ γµ
γµ ⊗ 1
γ5 ⊗ γµγ5
γµγ5 ⊗ γ5
γν ⊗ σµν
σµν ⊗ γν
γνγ5 ⊗ σµνγ5
σµνγ5 ⊗ γνγ5

ab,cd
=

1
4
1
4
1
4 − 14 − i4 i4 i4 i4
1
4
1
4 − 14 14 i4 − i4 i4 i4
1
4 − 14 14 14 i4 i4 − i4 i4
− 14 14 14 14 i4 i4 i4 − i4
3i
4 − 3i4 − 3i4 − 3i4 − 14 − 14 − 14 14
− 3i4 3i4 − 3i4 − 3i4 − 14 − 14 14 − 14
− 3i4 − 3i4 3i4 − 3i4 − 14 14 − 14 − 14
− 3i4 − 3i4 − 3i4 3i4 14 − 14 − 14 − 14


1 ⊗ γµ
γµ ⊗ 1
γ5 ⊗ γµγ5
γµγ5 ⊗ γ5
γν ⊗ σµν
σµν ⊗ γν
γνγ5 ⊗ σµνγ5
σµνγ5 ⊗ γνγ5

ad,bc
. (89)
3. Products of two Dirac matrices with two anti-symmetric Lorentz indices:
1 ⊗ σµνγ5
γ5 ⊗ σµν
σµν ⊗ γ5
σµνγ5 ⊗ 1
µνρσσρl ⊗ σσl
γµ ⊗ γνγ5 − (µ↔ ν)
γµγ5 ⊗ γν − (µ↔ ν)
µνρσγρ ⊗ γσ
µνρσγργ5 ⊗ γσγ5

ab,cd
=

1
4
1
4
1
4
1
4
1
4
i
4 − i4 14 − 14
1
4
1
4
1
4
1
4
1
4 − i4 i4 − 14 14
1
4
1
4
1
4
1
4 − 14 − i4 i4 14 − 14
1
4
1
4
1
4
1
4 − 14 i4 − i4 − 14 14
1 1 −1 −1 0 0 0 0 0
− i2 i2 i2 − i2 0 0 0 i2 i2
i
2 − i2 − i2 i2 0 0 0 i2 i2
1
2 − 12 12 − 12 0 − i2 − i2 0 0
− 12 12 − 12 12 0 − i2 − i2 0 0


1 ⊗ σµνγ5
γ5 ⊗ σµν
σµν ⊗ γ5
σµνγ5 ⊗ 1
µνρσσρl ⊗ σσl
γµ ⊗ γνγ5 − (µ↔ ν)
γµγ5 ⊗ γν − (µ↔ ν)
µνρσγρ ⊗ γσ
µνρσγργ5 ⊗ γσγ5

ad,bc
. (90)
4. Products of two Dirac matrices with two symmetric Lorentz indices:
gµν1 ⊗ 1
gµνγρ ⊗ γρ
gµνσρσ ⊗ σρσ
gµνγργ5 ⊗ γργ5
gµνγ5 ⊗ γ5
γµ ⊗ γν + (µ↔ ν)
γµγ5 ⊗ γνγ5 + (µ↔ ν)
σµρ ⊗ σνρ + (µ↔ ν)

ab,cd
=

1
4
1
4
1
8 − 14 14 0 0 0
1 − 12 0 − 12 −1 0 0 0
3 0 − 12 0 3 0 0 0
−1 − 12 0 − 12 1 0 0 0
1
4 − 14 18 14 14 0 0 0
1
2 − 12 14 − 12 − 12 12 12 − 12
− 12 − 12 − 14 − 12 12 12 12 12
3
2
1
2 − 14 − 12 32 −1 1 0


gµν1 ⊗ 1
gµνγρ ⊗ γρ
gµνσρσ ⊗ σρσ
gµνγργ5 ⊗ γργ5
gµνγ5 ⊗ γ5
γµ ⊗ γν + (µ↔ ν)
γµγ5 ⊗ γνγ5 + (µ↔ ν)
σµρ ⊗ σνρ + (µ↔ ν)

ad,bc
. (91)
We note that these equations only change the Lorentz structures, and the minus sign due to the exchange of quark
fields is not included yet.
3.3.3. Operator Product Expansion
After the current is fixed, one can calculate the correlation function, Eq. (75). For example
ΠD¯
∗Σc
µν (q
2) = i
∫
d4xeiqx〈0|T JD¯∗Σcµ (x)J¯D¯
∗Σc
ν (0)|0〉 (92)
= 2a1b1c1a2b2c2 × Tr[Sd1d2d (x)γνSd2d1c (−x)γµ] × Tr[Sb1b2u (x)γρ2CSa1a2u (x)Cγρ1 ] × γρ1γ5Sc1c2c (x)γρ2γ5 .
Then the light quark propagator can be expanded in the OPE expansion in the fixed-point gauge as
Sabq (x) ≡ 〈0|T[qa(x)q¯b(0)]|0〉
=
iδab
2pi2x4
x/ +
i
32pi2
λnab
2
gcG
n
µν
1
x2
(σµνx/ + x/σµν) − δ
ab
12
〈q¯q〉 + δ
abx2
192
〈gcq¯σGq〉
−δ
abmq
4pi2x2
+
iδabmq
48
〈q¯q〉x/ + iδ
abm2q
8pi2x2
x/ , (93)
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and the heavy quark propagator can be expanded as
Sabc (p) ≡
∫
d4xeip·xSabc (x) =
∫
d4xeip·x〈0|T[ca(x)c¯b(0)]|0〉
= i
p/ + mc
p2 − m2c
δab +
i
4
λnab
2
gcG
n
µν
σµν(p/ + mc) + (p/ + mc)σµν
(p2 − m2c)2
+
iδabmc
12
〈g2cG2〉
p2 + mc p/
(p2 − m2c)4
. (94)
After inserting these two equations into Eq. (93) and performing the Borel transformation
BM2B [Π(q2)] = lim−q2 , n→ ∞
−q2/n = M2B
(−q2)n+1
n
(
d
dq2
)n
Π(q2) , (95)
we can obtain the spectral density ρ(s). In Ref. [330], ρ(s) was evaluated up to dimension eight, including the pertur-
bative term, the quark condensate 〈q¯q〉, the gluon condensate 〈g2sGG〉, the quark-gluon mixed condensate 〈gsq¯σGq〉,
and their combinations 〈q¯q〉2 and 〈q¯q〉〈gsq¯σGq〉. For example, when the pentaquark current JD¯∗Σcµ (x) is used, one can
obtain
ρD¯
∗Σc
µν (s) = 1 × gµν × mc ×
(
ρ
pert
1 (s) + ρ
〈q¯q〉
1 (s) + ρ
〈GG〉
1 (s) + ρ
〈q¯q〉2
1 (s) + ρ
〈q¯Gq〉
1 (s) + ρ
〈q¯q〉〈q¯Gq〉
1 (s)
)
(96)
+ q/ × gµν ×
(
ρ
pert
2 (s) + ρ
〈q¯q〉
2 (s) + ρ
〈GG〉
2 (s) + ρ
〈q¯q〉2
2 (s) + ρ
〈q¯Gq〉
2 (s) + ρ
〈q¯q〉〈q¯Gq〉
2 (s)
)
+ · · · ,
where · · · denotes other Lorentz structures, such as 1 × σµν, etc.. The expressions of the spectral densities can be
found in Ref. [330].
3.3.4. Parity of Pentaquarks
In the previous section, two sum rules are obtained when one pentaquark current JD¯
∗Σc
µ (x) is used. One is propor-
tional to 1× gµν, and the other is proportional to q/× gµν. They can be used to calculate the mass of the pentaquark and
determine its parity at the same time. This technique was used in Ref. [330], and can be applied for other baryons and
pentaquarks.
Although a pentaquark current has definite parity, it can couple to states of both positive and negative parities via
(see discussions in Refs. [348, 349, 350, 351]):
〈0|J|H〉 = fHu(p) , (97)
〈0|J|H′〉 = fH′γ5u′(p) , (98)
where |H〉 has the same parity as J, and |H′〉 has the opposite parity. Oppositely, the current J and its partner γ5J can
also couple to the same state H.
In Ref. [330], the non-γ5 coupling in Eq. (97) was used,
〈0|JD¯∗Σcµ |[D¯∗Σc]〉 = fD¯∗Σc uµ(p) . (99)
Then the two-point correlation functions can be written as:
ΠD¯
∗Σc
µν
(
q2
)
= i
∫
d4xeiq·x〈0|T
[
JD¯
∗Σc
µ (x)J¯
D¯∗Σc
ν (0)
]
|0〉
=
(
qµqν
q2
− gµν
)
(q/ + MH)ΠD¯
∗Σc
(
q2
)
+ · · · , (100)
where the spin 1/2 components are all contained in · · · , such as qµqν(q/ + m)ΠD¯∗Σc1/2
(
q2
)
, etc.
One can also use the γ5 couplings in Eq. (98). The resulting two-point correlation function is similar to Eq. (100),
but with (q/ + MH) replaced by (−q/ + MH). This difference would tell us the parity of H. If the two sum rules from
these two tensor structures lead to almost the same numerical results, the current JD¯
∗Σc
µ (x) couples to a state having the
same parity, that is P = −. We note that the result does not change when using γ5JD¯∗Σcµ having the opposite parity.
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3.3.5. Numerical results and discussions
Several currents were used in Ref. [330] to perform QCD sum rule analyses. The current
JD¯
∗Σc
µ = [c¯dγµdd][abc(u
T
a Cγνub)γ
νγ5cc] , (101)
was used to obtain:
M[D¯∗Σc],3/2− = 4.37
+0.19
−0.12 GeV . (102)
The results are shown in Fig. 42. The mass value is consistent with the experimental results of the Pc(4380) [2],
supporting it to be a [D¯∗Σc] hidden-charm pentaquark. Its quantum numbers are evaluated to be JP = 3/2− at the
same time. This [D¯∗Σc] structure may be interpreted as a tightly-bound pentaquark structure or a [D¯∗Σc] molecular
state. But in both cases, it can easily decay into D¯∗Σc final states if its mass is above the D¯∗Σc threshold. Moreover,
the current JD¯
∗Σc
µ has some overlap with ηcc¯uud1µ (x), suggesting that it can also decay into S-wave J/ψp final states.
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Figure 42: The variation of M[D¯∗Σc] with respect to the threshold value s0 (left) and the Borel mass MB (right), taken from Ref. [330].
A mixed current consisting of JD¯Σ
∗
c
{µν} and J
D¯∗Λc
{µν} was used in Ref. [330]:
JD¯Σ
∗
c&D¯
∗Λc
{µν} = sin θ × JD¯Σ
∗
c
{µν} + cos θ × JD¯
∗Λc
{µν} , (103)
where
JD¯Σ
∗
c
{µν} = [c¯dγµγ5dd][abc(u
T
a Cγνub)cc] + {µ↔ ν} , (104)
JD¯
∗Λc
{µν} = [c¯dγµud][abc(u
T
a Cγνγ5db)cc] + {µ↔ ν} . (105)
The mixing angle θ was fine-tuned to be −51 ± 5◦, and the hadron mass was extracted as
M[D¯Σ∗c&D¯∗Λc],5/2+ = 4.47
+0.20
−0.13 GeV . (106)
The results are shown in Fig. 43. The mass value is consistent with the experimental results of the Pc(4450) [2],
supporting it to be an admixture of [D¯∗Λc] and [D¯Σ∗c]. Its quantum numbers are evaluated to be JP = 5/2+ at the same
time. According to its internal structure described by JD¯Σ
∗
c&D¯
∗Λc , its main decay modes include the P-wave D¯∗Λc and
D¯Σ∗c. Moreover, the P-wave J/ψp decay mode is also possible.
According to Ref. [330], there may also exist a [D¯Σ∗c] hidden-charm pentaquark and a [D¯∗Σ∗c] one, having masses
around 4.5 GeV, and two hidden-bottom pentaquarks as partners of the Pc(4380) and Pc(4450), having masses around
11.6 GeV. Their possible decay modes were also discussed. The same approach was used to systematically study
hidden-charm pentaquarks of spins J = 12/
3
2/
5
2 [331], where a full classification of the local hidden-charm pentaquark
interpolating currents is given.
Besides Refs. [330, 331], Wang applied the method of QCD sum rule to study the hidden-charm pentaquarks
Pc(4380) and Pc(4450), but used the diquark-diquark-antiquark type interpolating currents [346, 347]
 ilac¯a[ i jku jdk][ lmnumcn] . (107)
His results also favor assigning the Pc(4380) and Pc(4450) to be the 3/2− and 5/2+ pentaquark states, respectively.
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Figure 43: The variation of M[D¯Σ∗c&D¯∗Λc] with respect to the threshold value s0 (left) and the Borel mass MB (right).
3.4. Tightly bound pentaquark state in the quark model
In the previous subsection we reviewed the application of the QCD sum rule to the hidden-charm pentaquarks.
There are many hidden-charm pentaquark interpolating currents, suggesting the internal color-flavor structures of
hidden-charm pentaquarks can be extraordinarily complicated. The uncertainties in the masses are very large, of the
order of 300 MeV. Among these various internal structures, the tightly bound pentaquark state is very interesting
where the five quarks are confined within one MIT bag. In this subsection we review those models which are based on
this interpretation. Even for the tightly bound pentaquark picture, there exist many variations, such as the antiquark-
diquark-diquark picture and the diquark-triquark picture etc.
Recall that the mass gap between Λc and Σc is around 170 MeV, which indicates that the attraction between the up
and down quarks is strong when the [ud] pair stays in the scalar isoscalar color anti-triplet configuration. The diquark
or triquark is sometimes used to denote the spin, isospin and color correlation between the quarks. From the very
beginning, we want to emphasize that there do not exist point-like or extremely compact colored building blocks such
as diquarks or triquarks. Within the nucleons, the scalar and axial vector diquarks transform into each other freely.
Moreover, all the tetraquark or pentaquark color configurations can be rigorously decomposed into the sum of a series
of product of two color-singlet hadrons, as shown in the previous subsection.
3.4.1. Chiral quark model
The constituent quark model is very successful in the description of the static properties of hadrons. On the other
hand, chiral symmetry of QCD and its spontaneous breaking play a pivotal role in the low energy sector. The chiral
quark model includes the interaction between the constituent quark and chiral fields (pi, K, η) besides the quark gluon
interaction. Replacing the nucleon fields in the linear σ model [352] with quarks, one gets the SU(2) σ model at the
quark level [353]. The interaction term reads
LI = −gψ¯(σ + iγ5τ · pi)ψ, (108)
where τ denotes the Pauli matrix and the coupling constant g can be related to the nucleon-nucleon-pion coupling
constant gNNpi. Zhang et al. extended this model to the three flavor case and named it as the chiral SU(3) quark model
[354, 355]
 ud
 →

u
d
s
 , (109)
(σ + iγ5τ · pi) → (
8∑
a=0
λaσa + i
8∑
a=0
λapia), (110)
where λ0 is the unit matrix and λi(i = 1, · · · , 8) are Gell-Mann matrices.
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To figure out whether the one gluon exchange (OGE) or vector meson exchange is a right mechanism for the short
range strong interaction, they further extended the model to the case involving vector mesons, which was called the
extended chiral SU(3) quark model [356]. This version of the chiral quark model contains the one-boson-exchange
potential, one-gluon-exchange potential, and confinement potential. For the hadron-hadron interactions, the short-
range quark exchange effects between two hadrons were also taken into account.
Both of the three-flavor chiral quark models can reasonably describe the spectrum of the ground state baryons, the
binding energy of the deuteron, the baryon-baryon scattering data, and the kaon-nucleon scattering phase shifts etc.
Within this framework, various di-hadron bound states were investigated such as ∆∆ [357], ΩΩ [358], NΩ¯ [359], ∆K
[360, 361], Nφ [362], ΣK [363], Ωpi [364], and Ωω [365].
The chiral SU(3) quark model and its extended version were also employed to study the heavy quark systems
[232, 231]. In Ref. [366], the authors studied the ΣcD¯ and ΛcD¯ systems by solving a resonating group method
(RGM) equation, which is a well-established method for studying interactions between composite particles or quark
clusters [367]. The extension to the heavy quark case introduces additional parameters: the charm quark mass, a
coupling constant of OGE, and confinement strengths involving the charm quark. Except the charm quark mass, these
parameters can be fixed with the masses of heavy quark hadrons Σc, Λc, D, D∗, J/ψ, and ηc. The heavy quark mass is
treated as an adjustable parameter.
Before LHCb’s discovery of the Pc(4380) and Pc(4450) resonances, there were some explorations of the hidden-
charm pentaquarks in chiral constituent quark model [366]. In Ref. [366], the authors performed a dynamical inves-
tigation of the ΣcD¯ and ΛcD¯ systems with spin S = 1/2 and isospin I = 1/2 by solving a resonating group method
equation. They calculated the effective Hamiltonian of the ΣcD¯ and ΛcD¯ systems in three different models (according
to the different coupling between the vector meson field and the quark field). They found that the interaction between
Σc and D¯ is attractive and a ΣcD¯ bound state can be formed by considering either the linear confinement potential or
the quadratic one. The energy of the ΣcD¯ bound state was predicted as 4.279 − 4.312 GeV in the linear confinement
potential. They found no ΛcD¯ bound state due to the repulsive interaction between Λc and D¯. In a coupled-channel
calculation, they found that the coupled-channel effect of the ΣcD¯ and ΛcD¯ can be negligible due to the large mass
difference between the ΣcD¯ and ΛcD¯ thresholds and the small off-diagonal matrix elements of the ΣcD¯ and ΛcD¯.
Thus, there was no ΣcD¯-ΛcD¯ resonance as a result. These predicted ΣcD¯ bound states are potential candidates of
hidden-charm pentaquarks, although they have lower spin than the observed Pc(4380) and Pc(4450) resonances.
Inspired by the discovery of the Pc(4380) and Pc(4450) states in LHCb [2], further investigation of the hidden-
charm pentaquarks in the chiral quark model was performed in Ref. [368] by considering the quark delocalization
color screening effect to solve the RGM equation.
It is known that electron delocalization contributes to the formation of chemical bonds in molecular physics.
Noticing the similarity between the force of hadrons and that of atoms, quarks confined in one nucleon are speculated
to delocalize into another nucleon [369], which leads to the screened confinement potential between quarks belonging
to different nucleons. Along this line, there were many investigations on the various aspects of hadron properties
[370, 371, 372, 373, 374]. It was shown that the modified confinement potential gives an equivalent description for
the contribution from the hidden-color channels [375].
The modified chiral quark model used in Ref. [368] contains the pi-exchange potential, OGE potential, and a quark
delocalization color screening confinement potential, which also describes well the NN and YN interactions. For the
heavy quark systems, one has to determine the heavy quark mass and a color screening parameter. The former is
fixed from heavy hadron masses while the latter is treated as an adjustable parameter. All the other parameters are
determined in the studies of the light quark systems [376, 377, 378, 379].
The authors of Ref. [368] introduced a phenomenological color screening confinement potential in the model
Hamiltonian with the color screening parameter as an adjustable parameter. They investigated the possible hidden-
charm molecular pentaquarks composed of the D/D∗ and Σc/Σ∗c/Λc with quantum numbers Y = 1, I =
1
2 ,
3
2 and
JP = 12
−
, 32
−
, 52
−. For the IJP = 12
1
2
−
, 12
3
2
− systems. They found that the potentials are all attractive for the channels
ΣcD¯, Σ∗cD¯ and Σ∗cD¯∗ but repulsive for the channels ΛcD¯ and ΛcD¯∗. For the IJP =
1
2
5
2
− systems, only the Σ∗cD¯∗ channel
has an attractive potential. For the isospin I = 32 systems, all channels are repulsive except the Σ
∗
cD¯ and Σ
∗
cD¯
∗ which
have a very week attractive potential. The binding energies of the attractive channels were calculated by solving the
RGM equation and the masses were obtained. They also considered the channel coupling effects in the evaluations.
They concluded that the Pc(4380) was a mixed structure of the ΛcD¯∗, Σ∗cD¯, Σ∗cD¯ and Σ∗cD¯∗ with IJP =
1
2
3
2
− and the
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main channel was the Σ∗cD¯, while the Pc(4450) state was a Σ∗cD¯∗ resonance with IJP =
1
2
5
2
−. They also predicted
another pentaquark state ΣcD¯ with IJP = 12
1
2
−. The corresponding hidden-bottom pentaquark partners were also
discussed.
In Ref. [380], the authors performed a dynamical calculation of five-quark systems with quantum numbers I = 12
and JP = 12
±
, 32
±
, 52
± in the framework of the chiral quark model with the gaussian expansion method. The authors
pointed out that the negative parity states could be bound states while all the positive parity states are the scattering
states. The Pc(4380) and Pc(4450) were treated as the bound states of the Σ∗cD¯ and ΣcD¯∗ respectively. For the first
time, the authors calculated the average distance between each quark, some of which may reach 2 fm! The authors
concluded that the distances between quarks confirm the molecular nature of the Pc states.
3.4.2. The diquark/triquark model
In Ref. [381], Maiani, Polosa, and Riquer discussed the hidden-charm pentaquarks discovered by the LHCb Col-
laboration [2], and pointed out that they can be a natural expectation of an extended picture of hadrons where quarks
and diquarks are fundamental units [382]. The diquark [qq] here is a color anti-triplet member, similar to an anti-quark
q¯ [20, 383, 384]. They used the combinations of one antiquark [c¯], one heavy diquark [cq], and one light diquark [qq]:
Pc(4380, 3/2−) = c¯[cq]s=1[qq]s=1, L = 0 , (111)
Pc(4450, 5/2+) = c¯[cq]s=1[qq]s=0, L = 1 , (112)
to explain the newly observed Pc(4380) and Pc(4450). The S -wave state Pc(4380) has negative parity, and the P-wave
state Pc(4450) has positive parity. The mass difference between the Pc(4380) and Pc(4450) is about 70 MeV, a) partly
due to the orbital excitation, which is of order 280 MeV, estimated for XYZ mesons [385], and b) partly due to the
mass difference between diquarks with spin s = 1 and s = 0, which is of order 200 MeV, estimated from charm and
beauty baryons spectra [386]. They also studied the flavor structures of the pentaquarks, and proposed several flavor
partners of the Pc(4380) and Pc(4450) to be observed in the Ξb and Ωb decays. The idea was extended by the same
authors for charmed dibaryons in Ref. [387] where they proposed several possible channels to search for them in the
Λb(5620) decays.
The same antiquark-diquark-diquark system was applied to study the hidden-charm pentaquarks in later stud-
ies [388, 389, 390, 391]. In Ref. [388, 389], Anisovich et al. gave the spin and isospin structure of these states and
estimated their masses, based on their previous study of the tetraquark states [392]. Their results suggested that the
Pc(4450) is an antiquark-diquark-diquark state with spin-parity 5/2−, while the Pc(4380) is the result of rescatterings
in the pJ/ψ spectrum, and can be related with possible resonances of the K−J/ψ channel located in the mass region
4000-4500 MeV.
In Ref. [391], Ghosh, Bhattacharya, and Chakrabarti used the quasi particle diquark model, where diquarks are
supposed to behave like a quasi particle in an analogy with an electron in the crystal lattice which behaves as a quasi
particle. They estimated the masses of the Pc(4380) in both [ud]0[uc]1c¯ and [ud]1[uc]0c¯ configurations to be 4403
MeV and 4345 MeV, respectively, and the mass of the Pc(4450) in the [ud]1[uc]1c¯ configuration to be 4443 MeV, both
of which are consistent with the LHCb experiment [2].
A similar combination of diquark [cq] and triquark [c¯(ud)] was proposed by Lebed to study the hidden-charm pen-
taquarks in Ref. [393], which was based upon a mechanism proposed to study tetraquark states [394]. The Pc(4380)
and Pc(4450) were described in terms of a confined but rapidly separating color-antitriplet diquark [cu] and color-
triplet antitriquark [c¯(ud)]. The separations between diquark and antitriquark were estimated to be 0.64 fm for the
Pc(4380) and 0.70 fm for the Pc(4450). These distances were achieved before the hadronization, providing a qual-
itative explanation for the suppression of the measured widths of the Pc(4380) and Pc(4450). Later in Ref. [395],
Lebed applied the same method to investigate the hidden-strangeness pentaquarks Ps, and proposed to observe it in
the Λc → P+s pi0 → φppi0 decay.
This diquark-triquark system was also used by Zhu and Qiao in Ref. [396], where both diquark and triquark are not
compact objects, and have nonzero sizes. They analyzed the color attractive configuration for the triquark and defined
the nonlocal wave functions for the pentaquark state, which are later used to construct an effective diquark-triquark
Hamiltonian based on spin-orbital interaction. The pentaquark spectrum were obtained using this Hamiltonian, where
the pentaquark state with mass 4.349 GeV can explain the Pc(4380), and the pentaquark state with mass 4.453 GeV
can explain the Pc(4450). Their mass splitting near 100 MeV is also consistent with the LHCb experiment [2].
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They further suggested to analyze the J/ψΣ+ and J/ψΛ mass spectrum near 4.682 GeV in Ξ0b → J/ψΣ+K− and
Ξ−b → J/ψΛK− decays, to look for the charged and neutral hidden charm pentaquarks with JP = 5/2+ and strange
number S = −1.
3.5. Kinematical effect
There also exist the non-resonant explanations to the LHCb’s observation [2]. In Refs. [397, 398, 399], these
authors proposed various rescattering mechanisms to show that the narrow Pc(4450) state might arise from the kine-
matical effect. Before reviewing these results, we note that the strength of this kinematical effect (singularity) can not
be calculated due to the lack of knowledge on the relevant couplings.
Guo et al. [397] studied the possibility of the P+c (4450) as the kinematical effect since it is around the χc1 p
threshold. The JP quantum number of the P-wave χc1 p system matches the quantum number of the P+c (4450) [2].
Two typical decay mechanisms for the Λb → K−J/ψp were introduced, i.e., (a) Λb → K−pχc1 → K−pJ/ψ via
pχc1 → pJ/ψ rescattering, (b) Λb → Λ∗χc1 → K−pJ/ψ via exchanging a proton. In the above two processes, the
pχc1 → pJ/ψ rescattering occurs via exchanging soft gluons. When dealing with the first process, they adopted a
similar method to that in Ref. [400] to get a loop function. With a phenomenological amplitude which includes a
constant background contribution, the Argand diagram given by LHCb [2] can be reproduced [397].
Guo et al. further considered the second mechanism and discussed whether that the Pc(4450) signal can arise from
the triangle singularity. By solving the Landau equation, the leading Landau singularities for the triangle diagram
were extracted. Through investigating the motion of the solutions in the complex
√
s plane, they noticed that the Λ∗
as the intermediate state introduced in this decay mechanism can only correspond to the Λ(1890). The corresponding
triangle singularity is close to the χc1 p threshold, which can produce a threshold enhancement. Thus, they concluded
that the P+c (4450) can also be the kinematical effects around the χc1 p threshold [397].
Later, Liu et al. also investigated the possibility of the Pc(4450) as kinematical effects [399] and considered three
typical decay mechanisms which include (a) Λb → Λ∗χcJ → K−pJ/ψ via exchanging a proton which is the same as
one of the mechanisms proposed in Ref. [397], (b) Λb → D∗∗s Λ∗c → K−pJ/ψ through exchanging D¯(∗), where D∗∗s
denotes a P-wave charmonium state, (c) Λb → KD¯(∗)Σ∗c → KJ/ψp via D¯(∗)Σ∗c → J/ψp rescattering. To deal with the
triangle loop diagrams, the same approach as in Ref. [401] was adopted, where the possible χcJ p and Λ∗cD¯(∗) threshold
enhancements due to the triangle singularities were considered.
Although both Guo et al. [397] and Liu et al. [399] studied similar issues of Λb → Λ∗χcJ → K−pJ/ψ, there exist
some difference. In Ref. [399], Liu et al. indicated that the mass thresholds for the pχcJ (J = 0, 1, 2) are all close to
the peak masses for the P+c (4450). Including these thresholds in their calculation, they found that the corresponding
mass of the Λ∗ is larger than 2 GeV, which is in contrast with m(Λ∗) = 1.89 ∼ 2.11 GeV in Ref. [397].
In Ref. [397], the authors pointed out that the charmonium was produced by the weak current [c¯γµ(1 − γ5)c] at
the leading order. This current has no projection onto the χc0 or χc2, although the rescattering interaction strength for
χc0,2 p→ J/ψp is of the similar size to that for the χc1 p→ J/ψp scattering due to heavy quark spin symmetry. So the
production of these two charmonium states χc0,2 in the b decays can only come from higher-order QCD corrections
which are suppressed. According to the above qualitative analysis, there do not exist enhancements around the χc0 p
and χc2 p thresholds in the J/ψp invariant mass distribution of the Λb → K−J/ψp decay. Thus, Guo et al. only
presented the χc1 p peak structure in the mass distribution of the J/ψp, while Liu et al. gave two peak structures
around the χc1 p and χc2 p thresholds.
Liu et al. further analyzed the second mechanism [399], and pointed out that there also exist the conditions
required by the triangle singularity. When the Λ(∗)c D¯
(∗)
sJ threshold is close to the Λb mass, a sizeable enhancement at
the Λ(∗)c D¯(∗) thresholds is allowed, where the Λc(2595)D¯ threshold results in an enhancement around 4.45 GeV. If the
Λc(2595)D¯ is in S-wave, the quantum number of the obtained enhancement around 4.45 GeV in Ref. [399] must be
JP = 1/2+, which does match the experimental measurement of the Pc(4450) quantum number. Under this situation,
the Pc(4450) cannot be explained as the enhancement due to the S-wave Λc(2595)D¯ threshold. They also argued that
there still exists the possible enhancement near 4.45 GeV when the Λc(2595)D¯ is in P-wave, which is suppressed
compared with the S-wave case [399]. At present, a quantitative study of this point is still absent.
Besides discussing Λb → Λ∗χcJ → K−pJ/ψ via exchanging a proton and Λb → D∗∗s Λ∗c → K−pJ/ψ through
exchanging the D¯(∗), Liu et al. also studied the mechanism Λb → KD¯(∗)Σ∗c → KJ/ψp via the D¯(∗)Σ∗c → J/ψp
rescattering, which generated the cusp structure around 4.45 GeV in the J/ψp mass distribution. As indicated in Ref.
[399], the cusp structure can be ignored comparing with the enhancement from the triangle singularity.
60
Mikhasenko studied the triangle diagram Λb → D∗−s Σ+c → K−J/ψp via a D∗0 exchange, where there exists the
Σ+c D
∗0 → J/ψp interaction [398]. To some extent, this triangle diagram is similar to the third decay mechanism
proposed in Ref. [399] since this triangle diagram in Ref. [398] can be abbreviated to the third decay mechanism
in Ref. [399] when this D∗s exchange is absorbed into the vertex. Mikhasenko used the D∗−s , Σ+c and D∗0 as building
blocks of the triangle loop and found an enhancement near the Σ+c D
∗0 threshold from the triangle singularity, which
may correspond to the observed P+c (4450) structure [398].
3.6. Other theoretical schemes
Besides the theoretical works introduced in previous subsections, there are other theoretical schemes to explain
the nature of the hidden-charm pentaquarks Pc(4380) and Pc(4450), such as the topological soliton model [402], the
two-channel framework [403], doublet-exotic molecule structure [404] and so on.
Based on the existence of a C = −1 (C is charm quantum number) meson bound state [405, 406], Scoccola,
Riska and Rho employed the soliton-D¯D system to study hidden-charm pentaquark states in the topological soliton
model in Ref. [402]. They discussed both the Naive Skyrme Model (NSM) and its incorporation with heavy quark
symmetry (HQS), named the SMHQS model. Using the single meson spectra obtained from the NSM and SMHQS
formulations, they first estimated the masses of the pentaquark candidates with quantum numbers JP = 3/2−, 5/2+
and isospin I = 1/2 without the contributions of the non-adiabatic corrections. Then they considered the first order
perturbation theory of the rotational corrections to find the mass of a system composed of a soliton and two bound
mesons (one C = −1 and the other with C = +1) in the NSM model. They did not give predictions in the SMHQS
scheme because of the absence of the hyperfine splittings, which were needed in the calculation of the rotational
corrections. Their results suggested the existence of a soliton-D¯D pentaquark-type state with (I, JP) = (1/2, 3/2−)
and mass consistent with the Pc(4380) resonance. In the case of the 5/2+ channel, the predicted mass was in the range
of 4.57 − 4.71 GeV, which was too high as compared with the mass of the Pc(4450). Besides, they also predicted two
1/2+ and one 3/2+ pentaquarks.
In Ref. [403], Meissner and Oller analyzed the composite nature of the Pc(4450) in a two-channel scenario: the
lower mass channel J/ψp and the heavier one χc1 p. Using a probabilistic interpretation of the compositeness relation,
they calculated the couplings and partial decay widths of the Pc(4450) resonance to the two-body channels J/ψp and
χc1 p. Their result showed that the coupling to the heavier mass channel χc1 p is much larger than that to the lower
one J/ψp, which results in a larger partial decay width of the former decay channel. This is very similar to the scalar
meson f0(980), where the higher KK¯ channel has a strong coupling while the coupling to the lower pipi channel is
suppressed although the second one has a larger phase space. They concluded that the Pc(4450) is almost entirely a
χc1 p resonance.
The authors of Ref. [404] discussed the possibility of the two pentaquarks Pc(4380) and Pc(4450) composed
of two colored constituents with configuration [q1q¯2]8c [q3q4q5]8c , where the subscript 8c denotes the color structure.
Such a configuration results in a doublet of pentaquark states.
In Ref. [407], Burns studied the model-independent phenomenology of the Pc(4380) and Pc(4450) pentaquark
states based on the meson-baryon molecular configuration. He analyzed possible spin-parity assignments for these
two states and speculated various decay patterns and production processes. The author argued that these two Pc states
were mixtures of isospins 1/2 and 3/2 among several possible meson-baryon pairs. In the same configuration, the
neutral partners of the Pc(4380) and Pc(4450) states and other possible states with different quantum numbers were
predicted.
In Ref. [408], the authors interpreted the Pc(4450) as a bound state of the charmonium ψ(2S ) and the nucleon.
The binding potential arises from the charmonium-nucleon interaction in the form of the product of the charmonium
chromoelectric polarizability and the nucleon energy-momentum distribution. The authors estimated the quarkonium
polarizability and calculated the nucleon properties in the framework of the mean-field picture of light baryons in the
large Nc limit. They arrived at two almost degenerate states JP = (1/2)− and JP = (3/2)− around 4450 MeV with a
narrow width.
Motivated by the surface potential in the Hasenfratz-Kuti model, the authors of Ref. [409] assumed that there
exists a surface potential between the proton and the J/ψ in the form, VS (l) = Vsxα−1(1− x)β−1, where x = r/r0, α = 9,
β = 5, r0 = 0.85 fm and l is the orbital angular momentum. Both the Pc(4450) and Pc(4380) were interpreted as the
molecular resonances of the proton and J/ψ. They adjusted the well depth Vs = 2350 MeV to obtain the resonance at
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the observed excitation energy. They identified the l = 4 state as the Pc(4450), fixed its excitation energy at E = 410
MeV and derived its width to be around 50 MeV. The l = 3 resonance is identified with the Pc(4380), which has a
width around 142 MeV and excitation energy around 340 MeV if the well depth Vs = 1410 MeV.
3.7. Production and decay patterns
3.7.1. Production of the Pc via weak decays
Considering the LHCb’s measurement of the K−p and J/ψp invariant mass distributions [2], Roca, Nieves and
Oset studied the Λb → K−J/ψp process. They introduced three mechanisms, i.e., (a) a quark-level basic pro-
cess to produce the J/ψK−p final state through the weak decay of Λb, (b) a hadronic level description of Λb →
K−J/ψp→ K−J/ψp with the K−p→ K−p final state interaction in coupled channels, (c) a hadronic level description
of Λb → K−J/ψp → K−J/ψp with the J/ψp → J/ψp final state interaction in coupled channels [270]. The first two
mechanisms reflect the contribution from the Λ(1405), while the third mechanism contains the J/ψN final sate inter-
action in coupled channels including the D¯∗Λc, D¯∗Σc, D¯Σ∗c, D¯∗Σ∗c, which may produce poles at 4334 ± 19i, 4417 + 4i
and 4481 + 17i MeV [264]. Since these poles couple with the J/ψp, the corresponding resonance shape appears in the
J/ψp invariant mass spectrum. After comparing the invariant mass spectra of the J/ψp and K−p with the experimental
data, the authors of Ref. [270] noticed that the shape and relative strength of the K−p invariant mass spectrum near
the threshold and the structure Pc(4450) in the J/ψp invariant mass distribution can be reproduced simultaneously,
which supports the Pc(4450) as a JP = 3/2− hidden-charm molecular state composed of the D¯∗Σc and D¯∗Σ∗c [270].
Wang et al. considered the Λb → pi−J/ψp reaction in analogy to the Λb → K−J/ψp process and studied the possible
manifestation of the hidden-charm pentaquarks in the sharp structure of the J/ψp mass distribution around 4450 MeV
[410]. Additionally, Lu et al. studied the Λb → J/ψK0Λ reaction by taking into account a hidden-charm state with
strangeness that couples to J/ψΛ [411].
The authors of Refs. [390, 412] carried out the analysis of the production of hidden-charm pentaquarks via weak
decays of bottom baryons based on SU(3) flavor symmetry, which were extensively applied to study the B decay and
CP violation. Under the assumption of the Pc(4380) and Pc(4450) with configurations {c¯[cq]s=1[q′q′′]s=1, L = 0} and
{c¯[cq]s=1[q′q′′]s=0, L = 1} respectively as suggested in Ref. [381], Li et al. [390] derived the amplitude relations under
SU(3) flavor symmetry. There exist 3 ⊗ 3¯ = 1 ⊕ 8 and 3 ⊗ 6 = 8 ⊕ 10 multiplets for pentaquarks. The invariant weak
decay amplitude of bottom baryons into an octet or a decuplet pentaquark plus a light pseudoscalar octet meson was
decomposed into several terms. For the hidden-charm pentaquarks with the same JP quantum number, there exist
amplitude relations which can be tested experimentally [390].
Cheng and Chua studied the weak decays of the bottom baryons in the 3¯ representation and Ω−b in the 6 repre-
sentation into a pseudoscalar meson and an octet (a decuplet) hidden-charm pentaquark [412]. The decay amplitudes
of (Λ0b,Ξ
0
b,Ξ
−
b ) → P8 + M, (Λ0b,Ξ0b,Ξ−b ) → P10 + M, Ω−b → P8 + M, Ω−b → P10 + M were calculated, where P8
and P10 stand for the hidden-charm pentaquarks in octet and decuplet, respectively. The authors suggested that the
channel Ξ0b → PΣ+ K−, Ξ−b → PΣ− K¯0, Ω−b → PΞ− K¯0, and Ω−b → PΞ0 K− may have contributions comparable with that
of Λ0b → P+p K−.
Hsiao et al. [413] assumed that Λb → J/ψpK− occurs via b → cc¯s and ignored those contributions via the
non-resonant Λb → pK− and resonant Λb → Λ∗ → pK−. Thus, the Pc(4380) and Pc(4450) would be pro-
duced mainly by the charmless Λb decays with b → uu¯s. The two observed Pc pentaquarks are produced from
the intrinsic charms within Λb. According to this mechanism, the ratio of branching ratios was obtained, B(Λb →
pi−(Pc(4380)/Pc(4450)) → pi−J/ψp)/B(Λb → K−(Pc(4380)/Pc(4450)) → K−J/ψp) = 0.58 ± 0.05. Additionally,
the direct CP violating asymmetries were also predicted as ACP(Λb → pi−(Pc(4380)/Pc(4450)) → pi−J/ψp) =
(−7.4 ± 0.9)% andACP(Λb → K−(Pc(4380)/Pc(4450))→ K−J/ψp) = (+6.3 ± 0.2)% [413].
The authors of Ref. [414] discussed the Λb → J/ψΛ(1405) decay. Similar production mechanisms of hidden
charm pentaquarks with strangeness from Λb and Ξb decays were investigated in Refs. [273, 415, 411].
3.7.2. Photo-production of the Pc
The authors of Ref. [416] studied the photo-production of the two hidden-charm pentaquark states Pc(4380) and
Pc(4450) via γp → J/ψp. The estimated total and differential cross sections of γp → J/ψp depend on the unknown
coupling of the Pc(4380)/Pc(4450) with J/ψp. Under the assignment of the Pc(4450) as the ΣcD¯∗ molecular state,
Karliner and Rosner [417] made an estimate of the Pc(4450) production cross section through the vector dominance.
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They pointed out that the events of the Pc(4450) produced at CLAS12 and forthcoming GlueX are considerable.
Voloshin also studied the γp → Pc(4380)/Pc(4450) → J/ψ + p process and estimated the cross section [418]. These
investigations indicate that there exists good potential to search for the two Pc states through the photo-production.
In Ref. [419], the authors proposed to search for the production of the neutral hidden-charm pentaquarks Pc(4380)0
and Pc(4450)0 via the pi−p→ J/ψn reaction. Their calculation shows that there exist clear signals corresponding to the
Pc(4380)0 and Pc(4450)0 with the cross section around 1 µb, which suggests that the pi−p→ J/ψn reaction is suitable
to produce the two neutral Pc states [419]. In Ref. [420], the authors discussed the production of the hidden-charm
baryon N∗cc¯(4261) with J
P = 12 in the above reaction process.
3.7.3. Strong decay patterns of the Pc states
Assuming the Pc(4380) and Pc(4450) to be molecular states composed of D¯(∗) and Σ(∗)c , their strong decay patterns
were studied with the spin rearrangement scheme in Ref. [260]. Several typical ratios of the partial decay widths of
the hidden-charm pentaquarks were obtained. Especially, for the three S-wave (D¯Σ∗c), (D¯∗Σc) and (D¯∗Σ∗c) molecular
pentaquarks with JP = 3/2−, the obtained ratio of their J/ψN decay widths is Γ
[
(D¯Σ∗c)
]
: Γ
[
(D¯∗Σc)
]
: Γ
[
(D¯∗Σ∗c)
]
=
2.7 : 1.0 : 5.4. These ratios are model independent.
3.8. The hidden-bottom and doubly heavy pentaquark states
If there exist the hidden-charm pentaquarks, their hidden-bottom partners should also exit. The hidden-bottom and
doubly heavy pentaquark states were predicted with different theoretical models. In the following, we briefly review
these states.
The hidden-bottom molecular pentaquarks composed of a bottom meson and a bottom baryon were studied exten-
sively within the OBE model [248]. There exist hidden-bottom molecular pentaquarks, which include the ΣbB with
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−), Σ∗bB
∗ with 12 (
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−), 32 (
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2
−), 32 (
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2
−), while the ΛbB with 12 (
1
2
−), ΛbB∗ with 12 (
1
2
−), 12 (
3
2
−) do not exist.
In a subsequent work, Chen et al. studied the hidden-bottom molecular pentaquarks and Bc-like pentaquarks
with the OPE model, which is an important extension of the hidden-charm molecular pentaquark states reviewed in
Sec. 4.1.1. The results are collected in Table 14, which indicate that the ΣbB∗, ΣcB∗, ΣbD¯∗ bound states with either
(I = 1/2, J = 3/2) or (I = 3/2, J = 1/2) may exist. The decay modes of the ΣbB∗, ΣcB∗, and ΣbD¯∗ states with
(I = 1/2, J = 3/2) include the Υ(1S )N/Υ(2S )N, Bc(1−)N, and B¯c(1−)N, respectively. The ΣbB∗, ΣcB∗, and ΣbD¯∗
states with (I = 3/2, J = 1/2) can decay into the Υ(1S )∆(1232), Bc(1−)∆(1232), and B¯c(1−)∆(1232), respectively
[251].
For the Σ∗bB
∗, Σ∗cB∗, Σ∗bD¯
∗ S-wave systems with (I = 1/2, J = 3/2) and (I = 3/2, J = 1/2), there also exist
the bound state solutions. The Σ∗bB
∗ state can also carry (I = 3/2, J = 3/2). The Υ(1S )N/Υ(2S )N, Bc(1−)N, and
B¯c(1−)N are the main decay modes of the Σ∗bB
∗, Σ∗cB∗, Σ∗bD¯
∗ with (I = 1/2, J = 3/2), respectively, while the main
decay channels of the Σ∗bB
∗, Σ∗cB∗, Σ∗bD¯
∗ states with (I = 3/2, J = 1/2) are the Υ(1S )∆(1232), Bc(1−)∆(1232), and
B¯c(1−)∆(1232), respectively. The Σ∗bB
∗ state with (I = 3/2, J = 3/2) mainly decays into the Υ(1S )∆(1232) [251].
In Ref. [421], Karliner and Rosner also suggested the existence of doubly heavy molecular pentaquarks. The
above hidden-bottom and doubly heavy pentaquark states from the OBE and OPE models may be accessible at future
experiments. In a recent reference [422], Karliner and Rosner considered the η exchange, which can be important for
hadrons without u and d light quark, such as the Ds. They suggested to observe the ΛcD¯∗s resonance in the process
Λb → J/ψΛ(pi+pi− or η).
The coupled channel unitary approach with the local hidden gauge formalism, reviewed in Sec. 3.2, was also
applied to study the hidden bottom pentaquarks in Refs. [268, 269]. In Ref. [268] Wu, Zhao, and Zou predicted
two N∗
bb¯
states with mass and width (M,Γ) = (11052, 1.38) MeV and (11100, 1.33) MeV and four Λ∗
bb¯
states with
(M,Γ) = (11021, 2.21) MeV, (11191, 1.24) MeV, (11070, 2.17) MeV, and (11239, 1.19) MeV. In Ref. [269], Xiao and
Oset found seven hidden bottom pentaquark states, all of which have I = 1/2:
the J = 1/2 sector : (10963.04 + i8.59) MeV , (11002.81 + i19.97) MeV , (11023.55 + i22.75) MeV ,
the J = 3/2 sector : (10984.43 + i9.19) MeV , (11007.28 + i3.00) MeV , (11019.00 + i14.80) MeV ,
the J = 5/2 sector : (11026.10 + i0) MeV .
These poles were classified as four basic states: a) the first pole (10963.04+ i8.59) MeV, corresponding to a BΣb state;
b) the fourth pole (10984.43 + i9.19) MeV, corresponding to a BΣ∗b state; c) the second pole (11002.81 + i19.97) MeV
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Table 14: The typical values of the obtained bound state solutions [E(MeV),Λ(GeV]) for the hidden-bottom Σ(∗)b B
∗ and Bc-like Σ(∗)c B∗ and Σ
(∗)
b D¯
∗
systems. Based on the experience of the S-wave Σ(∗)c D¯∗ systems, the bound state solution is searched for in the range of Λ < 2.35 GeV for ΣbB∗
and the range of Λ < 1.77 GeV for Σ∗bB
∗. Taken from Ref. [251].
(I, J) ΣcB∗ ΣbD¯∗ ΣbB∗ Σ∗cB∗ Σ∗bD¯
∗ Σ∗bB
∗
(1/2,1/2) × × × × × ×
(1/2,3/2) [-0.27, 1.22] [-0.26, 1.34] [-0.27, 0.84] × × ×
[-2.58, 1.32] [-2.62, 1.44] [-2.36, 0.94] × × ×
[-7.48, 1.42] [-7.63, 1.54] [-6.88, 1.04] × × ×
(1/2,5/2) × × × [-0.28, 0.88] [-0.14, 0.96] [-0.30, 0.64]
× × × [-3.18, 0.98] [-2.78, 1.06] [-3.11, 0.74]
× × × [-9.67, 1.08] [-8.97, 1.16] [-9.51, 0.84]
(3/2,1/2) [-0.27, 1.22] [-0.26, 1.34] [-0.27, 0.84] [-0.42, 1.02] [-0.30, 1.12] [-0.28, 0.72]
[-2.58, 1.32] [-2.62, 1.44] [-2.36, 0.94] [-3.33, 1.12] [-3.03, 1.22] [-2.74, 0.82]
[-7.48, 1.42] [-7.63, 1.54] [-6.88, 1.04] [-9.37, 1.22] [-8.91, 1.32] [-8.19, 0.92]
(3/2,3/2) × × × × × [-0.28, 1.44]
× × × × × [-3.28, 1.60]
× × × × × [-9.13, 1.74]
(3/2,5/2) × × × × × ×
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and the fifth pole (11007.28 + i3.00) MeV, both corresponding to a B∗Σb state; d) the third pole (11023.55 + i22.75)
MeV, the sixth pole (11019.00 + i14.80) MeV, and the seventh pole (11026.10 + i0) MeV, all corresponding to a B∗Σ∗b
state. All these states are bound with about 50-130 MeV with respect to the corresponding B(∗)Σ(∗)b thresholds.
Two hidden-bottom pentaquarks were predicted in Ref. [330] using the method of QCD sum rule as partners of the
Pc(4380) and Pc(4450). Their masses were extracted as 11.55+0.23−0.14 MeV and 11.66
+0.28
−0.27 MeV, and spin-parity quantum
numbers JP = 3/2− and 5/2+, respectively.
Zhu and Qiao used the constituent diquark-triquark model to study hidden bottom pentaquarks [396], where they
have used the diquark mass mδ = m[bq] = 5.249 GeV and the triquark mass mθ = m[udb¯] = 5.618 GeV.
3.9. Theoretical and experimental challenges
The presence of the heavy quarks (or charmed/bottomed hadrons) lowers the kinetic energy of the system, which
favors the formation of either the “genuine” pentaquark states or the molecular baryons. For the molecular scheme,
the light quarks are also essential since the meson exchange force between the light quarks, especially the long-range
pionic interaction binds the hadronic system.
The discovery of the Pc(4350) and Pc(4450) opens a new era in the exploration of the multiquark states. There
remain many theoretical and experimental challenges, some of which are highlighted below:
• At present, the Pc(4380) and Pc(4450) were only reported by the LHCb Collaboration [2]. These states should
be confirmed in other processes and analyses.
• BelleII, CLAS12, GlueX and JPARC may have the potential to search for the hidden-charm Pc states through
the e+e− annihilation, photoproduction, or pi−p→ J/ψn reaction.
• Since it is very close to the χc1 p threshold, could the Pc(4450) arise from kinematical effects through various
rescattering mechanisms such as the triangle singularity?
• Various theoretical approaches predict many isospin and spin partner states of the Pc(4380) and Pc(4450).
Where and how can these states be observed?
• The experimental identification of the parity for each Pc state is crucial for the discrimination of various models.
For example, the S-wave molecular pentaquark has negative parity while its nearby P-wave excitation carries
positive parity in the framework of the molecular scheme. In contrast, only the pentaquarks with negative parity
are dynamically generated through S-wave rescattering within the unitary approach.
• The identification of the dominant decay modes of the two Pc states is important. Although they were observed
in the clean J/ψp final state, the J/ψp mode is not necessarily their main decay mode. Recall the similar
situations in the case of the charged hidden-charm/bottom tetraquark states. The Zc(3900) was first observed
in the hidden-charm mode. Later its open-charm decay width was measured to be much larger. As molecular
baryons, the open-charm decay modes of the Pc states would be dominant. As a compact “genuine” pentaquark
state confined within one MIT bag, the J/ψp mode may be the dominant mode of the Pc state.
• For a dynamically generated hidden-charm baryon, its total width was quite small and less than 60 MeV ac-
cording to most of the model calculations within the unitary approach. However, the sum of the partial decay
widths of the charm-less decay modes are larger than the decay width of their main hidden-charm modes. This
feature is characteristic of the dynamically generated resonance and the unitary approach. The observation of
significant charm-less decay modes will support the Pc states as the dynamically generated resonance within
the unitary framework.
• Is it possible to produce the hidden-bottom pentaquark states experimentally?
• Is it feasible to simulate the scattering of the charmed baryon and anticharmed meson on the lattice? Can the
molecular bound states be isolated from the scattering states? Or can the “genuine” pentaquark resonances be
observed directly on the lattice?
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• Besides hidden-charm pentaquarks, the hidden-charm (or hidden-bottom) systems with six quarks may also
exist [238, 240, 423, 417]. There may exist some potential to observe the molecular systems composed of a pair
of charmed baryons and a pair of charmed and anti-charmed baryons at LHCb [238, 240].
• Through the decay products Σ(∗)c and Λ(∗)c of the Λb weak decay, one may explore the production mechanism of
the Pc states within the molecular scheme. There exist three types of Feynman diagrams which contribute to
the Λb → J/ψpK decay, as shown in Fig. 44. Interested readers may also consult reviews in Ref. [424].
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Figure 44: The types of production mechanisms of the Pc states via the Λb weak decay.
– (a) The b quark decays weakly via b → cc¯s and the cc¯ pair transforms into the J/ψ while the scalar
isoscalar [ud] diquark within the Λb is not pulled apart and acts as the spectator throughout the whole
process. This mechanism contributes to the non-resonant J/ψp production and explains naturally why
only Λ∗ and no Σ∗ intermediate states were observed by the LHCb Collaboration.
– (b) The b quark decays weakly via b → cc¯s. The c quark combines with the scalar isoscalar [ud] diquark
to form the Λ(∗)c . At the same time, a pair of light quarks qq¯ is produced from the vacuum. The c¯ quark
picks up the quark q and becomes a D¯(∗) meson while the remaining sq¯ forms the kaon. Some of the
Λ
(∗)
c D¯(∗) rescatter into the J/ψp final states. However, the interaction between the Λ
(∗)
c and D¯(∗) is rather
weak. Therefore, most of the Λ(∗)c D¯(∗) events are non-resonant. In other words, one would expect many
Λ
(∗)
c in the final states.
– (c) The b quark decays weakly via b → cc¯s. A pair of light quarks qq¯ are produced from the vacuum
while the scalar isoscalar [ud] diquark within Λb is pulled apart into q1 and q2 by non-perturbative QCD
interaction. The c¯ quark picks up the quark q1 from the original diquark and becomes a D¯(∗) meson. The
sq¯ forms the kaon. The charm quark and remaining q2q transforms into a charmed baryon. Since the total
isospin of the q2q pair is either 0 or 1, the charmed baryon could be Λ
(∗)
c or Σ
(∗)
c , the probability of which is
50% respectively. According to the molecular scheme, the hidden-charm pentaquark states are produced
through the rescattering process Σ(∗)c D¯(∗) → Pc → J/ψp. Besides this resonant process, there exist many
Σ
(∗)
c D¯(∗) and Λ
(∗)
c D¯(∗) events. One would expect many Σ
(∗)
c and more Λ
(∗)
c in the final states.
4. Theoretical interpretations of the XYZ states
4.1. Zb(10610) and Zb(10650)
4.1.1. Molecular scheme
4.1.1.1. Meson exchange model. In 2008, the authors of Ref. [220] discussed the possible S-wave molecular states
composed of DD¯∗ and BB¯∗ and pointed out that “there probably exists a loosely bound S-wave BB¯∗ molecular state”.
Within the meson exchange model, the possible attraction between the heavy mesons arises from the exchange of the
light mesons. Especially the chiral interaction between the light quarks and pions plays a central role in the formation
of the shallow heavy meson bound states, which does not depend on the heavy quark mass. As the heavy quark mass
increases, the heavy meson mass increases and the kinetic energy of the dimeson system decreases, while the potential
between the heavy meson pair remains roughly the same. The formation of the bound states relies on the competition
between the kinetic energy and attractive potential of the system. In other words, the BB¯∗ meson pairs are easier and
more likely to form a loosely bound molecular state than the DD¯∗ [220].
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In 2011, the charged bottomonium-like states Zb(10610) and Zb(10650) were reported by the Belle Collaboration
in five hidden-bottom dipion decays of Υ(5S ) [172]. Their experimental information was summarized in Sec. 2.2.
The discovery of these states stimulated further theoretical studies of the Zb(10610) and Zb(10650) as the BB¯∗ and
B∗B¯∗ molecular states [204], respectively. Their flavor wave functions read [204]
|Zb(10610)±〉 = 1√
2
(|B∗±B¯0〉 + |B±B¯∗0〉), (113)
|Zb(10610)0〉 = 12
[(|B∗+B−〉 − |B∗0B¯0〉) + (|B+B∗−〉 − |B0B¯∗0〉)], (114)
|Zb(10650)±〉 = |B∗±B¯∗0〉, (115)
|Zb(10650)0〉 = 1√
2
(|B∗+B∗−〉 − |B∗0B¯∗0〉). (116)
The total effective potential of the Zb(10610) system is
VZb(10610) = VDirectσ −
1
2
VDirectρ +
1
2
VDirectω +
1
4
(
− 2VCrosspi +
2
3
VCrossη − 2VCorssρ + 2VCrossω
)
(117)
with these subpotentials from the pi, η, σ, ρ and ω meson exchanges, i.e.,
VCrosspi = −
g2
f 2pi
[1
3
(2 · †3)Z(Λ2,m2, r) +
1
3
S (rˆ, 2, †3)T (Λ2,m2, r)
]
,
VCrossη = −
g2
f 2pi
[1
3
(2 · †3)Z(Λ3,m3, r) +
1
3
S (rˆ, 2, †3)T (Λ3,m3, r)],
VDirectσ = −g2s(2 · †4)Y(Λ,mσ, r),
VDirectρ = −
1
2
β2g2V (2 · †4)Y(Λ,mρ, r), (118)
VCrossρ = 2λ
2g2V
[2
3
(2 · †3)Z(Λ0,m0, r) −
1
3
S (rˆ, 2, †3)T (Λ0,m0, r)
]
,
VDirectω = −
1
2
β2g2V (2 · †4)Y(Λ,mω, r),
VCrossω = 2λ
2g2V
[2
3
(2 · †3)Z(Λ1,m1, r) −
1
3
S (rˆ, 2, †3)T (Λ1,m1, r)
]
,
where Λ20,1,2,3 = Λ
2 − (mB∗ −mB)2, m20,1,2,3 = m2ρ,ω,pi,η − (mB∗ −mB)2 and S (rˆ, a,b) = 3(rˆ · a)(rˆ · b)− a · b. The functions
Y(Λ,m, r), Z(Λ,m, r) and T (Λ,m, r) are defined as:
Y(Λ,mE , r) =
1
4pir
(e−mE r − e−Λr) − Λ
2 − m2E
8piΛ
e−Λr ,
Z(Λ,mE , r) = 52Y(Λ,mE , r) = 1r2
∂
∂r
r2
∂
∂r
Y(Λ,mE , r) , (119)
T (Λ,mE , r) = r
∂
∂r
1
r
∂
∂r
Y(Λ,mE , r) .
One notes that m2 is much smaller than mpi, which implies the OPE potential decreases very slowly. In Ref. [204],
both the S-wave and D-wave interactions between the B and B¯∗ mesons were considered. In the derivation of the final
effective potential in the form of the 2 × 2 matrix, one makes the following replacement in the subpotentials,
(2 · †3)
(2 · †4)

 1 00 1
 , S (rˆ, 2, †3)
 0 −
√
2
−√2 1
 . (120)
Similarly, the total effective potential of the Zb(10650) system is
VZb(10650) = Wσ − 12Wρ +
1
2
Wω − 12Wpi +
1
6
Wη, (121)
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where the corresponding subpotentials from the pi, η, σ, ρ and ω meson exchanges are
Wpi = − g
2
f 2pi
[1
3
(1 × †3) · (2 × †4)Z(Λ,mpi, r) +
1
3
S (rˆ, 1 × †3, 2 × †4)T (Λ,mpi, r)
]
,
Wη = − g
2
f 2pi
[1
3
(1 × †3) · (2 × †4)Z(Λ,mη, r) +
1
3
S (rˆ, 1 × †3, 2 × †4)T (Λ,mη, r)
]
,
Wσ = −g2s(1 · †3)(2 · †4)Y(Λ,mσ, r), (122)
Wρ = −14
{
2β2g2V (1 · †3)(2 · †4)Y(Λ,mρ, r) − 8λ2g2V
[2
3
(1 × †3) · (2 × †4)Z(Λ,mρ, r)
−1
3
S (rˆ, 1 × †3, 2 × †4)T (Λ,mρ, r)
]}
,
Wω = −14
{
2β2g2V (1 · †3)(2 · †4)Y(Λ,mω, r) − 8λ2g2V
[2
3
(1 × †3) · (2 × †4)Z(Λ,mω, r)
−1
3
S (rˆ, 1 × †3, 2 × †4)T (Λ,mω, r)
]}
.
There also exists the S-wave and D-wave mixing for the B∗B¯∗ system. The total effective potential of the Zb(10650)
with J = 1 is a 3 × 3 matrix, where the polarization related terms in the subpotentials should be replaced by the
following expressions
(1 · †3)(2 · †4)

1 0 0
0 1 0
0 0 1
 , (1 × †3) · (2 × †4)

1 0 0
0 1 0
0 0 −1
 , S (rˆ, 1 × †3, 2 × †4)

0 −√2 0
−√2 1 0
0 0 1
 .
Table 15: The bound state solutions (binding energy E and root-mean-square radius rRMS) for the Zb(10610) and Zb(10650) systems. Here the
results of Ref. [204] for two situations are listed, i.e., including all OBE contribution and only considering the OPE potential.
OBE OPE
State Λ E (MeV) rRMS (fm) Λ E (MeV) rRMS (fm)
2.1 -0.22 3.05 2.2 -8.69 0.62
Zb(10610) 2.3 -1.64 1.31 2.4 -20.29 0.47
2.5 -4.74 0.84 2.6 -38.54 0.36
Zb(10650)
2.2 -0.81 1.38 2 -2.17 1.15
2.4 -3.31 0.95 2.2 -8.01 0.68
2.6 -7.80 0.68 2.4 -19.00 0.48
2.8 -14.94 0.52 2.6 -36.36 0.38
The bound state solutions for the Zb(10610) and Zb(10650) systems are listed in Table 15. Let’s summarize [204]:
• The long-range one-pion-exchange (OPE) force alone is strong enough to form the loosely bound isovector
molecular states composed of the BB¯∗ and B∗B¯∗.
• The short-range vector meson exchange force provides some effective repulsion in these channels and prevents
the heavy meson from moving very close to the anti-meson. As can be seen in the case of the Zb(10650) with
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Λ = 2.2 GeV, the binding energy from the OPE potential is 8 MeV and the root-mean-square radius is 0.68 fm.
In contrast, the binding energy from the OBE potential is 0.81 MeV and its radius is 1.38 fm.
• When the binding energies of the BB¯∗ and B∗B¯∗ systems are less than 1 MeV, their root-mean-square radius
may reach 1.4-3 fm, which is characteristic of the molecular states.
• With the molecular scheme, the mass splittings M(Zb(10650))−M(Zb(10610)) = M(B∗)−M(B) and M(Zc(4020))−
M(Zc(3900)) = M(D∗)−M(D) are governed by the spin-spin interaction and scale with the heavy quark masses
as expected in QCD if Zc(4020) and Zc(3900) are molecular resonances (see also discussions in Sec. 4.2).
4.1.1.2. Other models. In Ref. [425], Yang, Ping, Deng, and Zong applied the chiral quark model to study the possible
molecular states composed of a pair of heavy mesons, BB¯, BB¯∗, B∗B¯∗, and BsB¯, in the S -wave sector. They found the
BB¯∗ and B∗B¯∗ bound states with quantum numbers I(JPC) = 1(1+−), which are good candidates of the Zb(10610) and
Zb(10650), respectively. They also predicted three bound states: BB¯∗ with I(JPC) = 0(1++), B∗B¯∗ with I(JPC) = 1(0++)
and 0(2++).
The coupled channel unitary approach with the local hidden gauge formalism, reviewed in Sec. 3.2, was also
applied to study the BB¯∗ and B∗B¯∗ interactions. In Ref. [426], Ozpineci, Xiao, and Oset investigated the meson-
meson interaction with hidden beauty in both I = 0 and I = 1 sectors. They found the interactions are too weak in the
I = 1 sector to create any bound state.
In Ref. [427], Dias, Aceti, and Oset used the local hidden gauge approach to study the BB¯∗ and B∗B¯∗ interactions
in the I = 1 sector. They considered the contributions due to the exchange of two pions and heavy vector mesons.
They found a loosely bound state with mass in the range 10587-10601 MeV for the BB¯∗ interaction, very close to the
experimental value of the Zb(10610) and a cusp at 10650 MeV for the B∗B¯∗ interaction for J = 0, 1, 2.
The method of QCD sum rules was also used to study the two Zb states [428, 429, 430, 431, 432, 433, 434, 435].
Using the BB¯∗ and B∗B¯∗ molecule-type interpolating currents with IG JP = 1+1+, their extracted masses were roughly
consistent with the masses of the Zb(10610) and Zb(10650) mesons, respectively.
4.1.1.3. Symmetry analysis. Within the molecular picture, Bondarn et al. discussed the heavy quark spin structure
and the Zb states. Especially, they noticed that the bb¯ pair within the Zb(10610) and Zb(10650) resonances is a mixture
of a spin-triplet and a spin-singlet of equal amplitude [436]. Voloshin investigated their isoscalar analogs and proposed
to observe them in the IG(JP) = 0−(1+) channel [437]. He pointed out that the ratio of the yield for the pairs of the
charged and neutral B(∗) mesons in the processes Υ(5S ) → pi0BB¯∗ and Υ(5S ) → pi0B∗B¯∗ is very sensitive to the
interaction between the mesons due to significant isospin breaking by the Coulomb force.
The heavy quark flavor symmetry was applied to study the heavy meson hadronic molecules in Refs. [438, 439].
In Ref. [438], Nieves and Valderrama discussed the possible BB¯∗ bound states using the analogue to the weakly bound
X(3872) state and under certain assumptions about the short range dynamics. In Ref. [439], Guo, Hidalgo-Duque,
Nieves, and Valderrama investigated the consequences of the heavy quark flavor symmetry and predicted many new
hadronic molecules.
In Ref. [440], Cleven, Guo, Hanhart, and Meissner used the measured invariant mass distributions for the tran-
sitions of the Υ(5S ) to the final states hbpi+pi− and hb(2P)pi+pi− to test the molecular picture. They made use of the
power counting for the bottom meson loops in the framework of a nonrelativistic effective field theory. Their results
showed the data [173] is consistent with the assumption that the main components of Zb states are S -wave BB¯∗ and
B∗B¯∗ bound states, although a small compact tetraquark component can not be excluded. Possible power counting
schemes were also discussed in Ref. [441].
Assuming the binding mechanism between two heavy mesons is mostly molecular-like isospin-exchange attrac-
tion, Karliner and Rosner studied the bottomonium-like and charmonium-like multiquark states in Ref. [421]. They
also interpreted the Zb(10610) and Zb(10650) as the weakly bound molecular states composed of the B¯B∗ and B¯∗B∗,
respectively.
4.1.2. The tetraquark assignment
4.1.2.1. QCD sum rules. The color configurations of the tetraquarks include
(
3¯[qQ] ⊗ 3[Q¯q¯]
)
,
(
6[qQ] ⊗ 6¯[Q¯q¯]
)
and
(
8[qQ¯] ⊗ 8[Qq¯]
)
.
The first two types correspond to the diquark configuration.
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In 2011, Chen and Zhu had performed an extensive investigation of the hidden-bottom tetraquark systems with
quantum numbers JPC = 1+− in QCD sum rules in Ref. [442]. They considered all six kinds of diquark fields qTa CQb,
qTa Cγ5Qb, q
T
a CγµQb, q
T
a Cγµγ5Qb, q
T
a CσµνQb, and q
T
a Cσµνγ5Qb to construct the eight tetraquark interpolating currents
J1µ = qTa CQb(q¯aγµγ5CQ¯
T
b + q¯bγµγ5CQ¯
T
a ) − qTa Cγµγ5Qb(q¯aCQ¯Tb + q¯bCQ¯Ta ) ,
J2µ = qTa CQb(q¯aγµγ5CQ¯
T
b − q¯bγµγ5CQ¯Ta ) − qTa Cγµγ5Qb(q¯aCQ¯Tb − q¯bCQ¯Ta ) ,
J3µ = qTa Cγ5Qb(q¯aγµCQ¯
T
b + q¯bγµCQ¯
T
a ) − qTa CγµQb(q¯aγ5CQ¯Tb + q¯bγ5CQ¯Ta ) ,
J4µ = qTa Cγ5Qb(q¯aγµCQ¯
T
b − q¯bγµCQ¯Ta ) − qTa CγµQb(q¯aγ5CQ¯Tb − q¯bγ5CQ¯Ta ) ,
J5µ = qTa Cγ
νQb(q¯aσµνγ5CQ¯Tb + q¯bσµνγ5CQ¯
T
a ) − qTa Cσµνγ5Qb(q¯aγνCQ¯Tb + q¯bγνCQ¯Ta ) ,
J6µ = qTa Cγ
νQb(q¯aσµνγ5CQ¯Tb − q¯bσµνγ5CQ¯Ta ) − qTa Cσµνγ5Qb(q¯aγνCQ¯Tb − q¯bγνCQ¯Ta ) ,
J7µ = qTa Cγ
νγ5Qb(q¯aσµνCQ¯Tb + q¯bσµνCQ¯
T
a ) − qTa CσµνQb(q¯aγνγ5CQ¯Tb + q¯bγνγ5CQ¯Ta ) ,
J8µ = qTa Cγ
νγ5Qb(q¯aσµνCQ¯Tb − q¯bσµνCQ¯Ta ) − qTa CσµνQb(q¯aγνγ5CQ¯Tb − q¯bγνγ5CQ¯Ta ) ,
(123)
where q represents the up or down quark and Q the bottom quark. The color structures are symmetric 6 ⊗ 6¯ for the
currents J1, J3, J5, J7, and antisymmetric 3¯ ⊗ 3 for the currents J2, J4, J6, J8. All these tetraquark currents in Eq. (123)
can couple to both isotriplet and isosinglet hadron states
Jµ ∼ qQq¯Q¯ ∼

Z+ : dQu¯Q¯
Z0 : uQu¯Q¯ + dQd¯Q¯
Z− : uQd¯Q¯
 , Isovector with I = 1 ,
Z0 : uQu¯Q¯ − dQd¯Q¯ , Isoscalar with I = 0 .
(124)
The extracted masses of the hidden-bottom tetraquarks are collected in Table 16.
Besides the diquark configuration, the color octet-octet
(
8[qQ¯] ⊗ 8[Qq¯]
)
types of interpolating currents were also
considered for the hidden-bottom tetraquark systems in Refs. [432, 433]
J(8)1µ = (q¯aγ5λ
n
abQb)(Q¯cγµλ
n
cdqd) + (q¯aγµλ
n
abQb)(Q¯cγ5λ
n
cdqd) ,
J(8)2µ = (q¯aλ
n
abQb)(Q¯cγµγ5λ
n
cdqd) − (q¯aγµγ5λnabQb)(Q¯cλncdqd) ,
J(8)3µ = (q¯aγ
αλnabQb)(Q¯cσαµγ5λ
n
cdqd) − (q¯aσαµγ5λnabQb)(Q¯cγαλncdqd) ,
J(8)4µ = (q¯aγ
αγ5λ
n
abQb)(Q¯cσαµλ
n
cdqd) + (q¯aσαµλ
n
abQb)(Q¯cγ
αγ5λ
n
cdqd) .
(125)
The extracted masses are collected in Table 17.
From Tables 17 and 16, the extracted masses of the tetraquark states using both the diquark-diquark and color
octet-octet types of interpolating currents are roughly the same. The bottomonium-like qbq¯b¯ and sbs¯b¯ tetraquark
states are nearly degenerate around 9.9 − 10.2 GeV. These values are much lower than the masses of the Zb(10610)
and Zb(10650) states.
There exist colored forces between the [qb¯]8 and [bq¯]8 clusters or the diquark antidiquark pair. The tetraquarks
may be more compact than the color singlet-singlet hadron molecules. In other words, the numerical results from the
QCD sum rule approach do not support the tetraquark interpretation of these two charged Zb mesons [442].
4.1.2.2. Diquark model. Motivated by the Yb(10890) resonance observed by the Belle Collaboration [443], Ali et al.
studied the spectroscopy and decays of the bottomonium-like tetraquarks in Ref. [444]. Assuming the existence of the
tightly bound diquarks (bq) and antidiquarks (b¯q¯) [444, 445], they adopted the effective Hamiltonian
H = 2mQ + H(QQ)S S + H
(QQ¯)
S S + HS L + HLL , (126)
which includes the constituent diquark mass mQ, spin-spin interaction inside the single diquark H(QQ)S S , spin-spin in-
teraction between quark and antiquark belonging to two diquarks H(QQ¯)S S , spin-orbit term HS L, and purely orbital term
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Table 16: Numerical results for the JPC = 1+− bottomonium-like tetraquark states using the diquark-diquark interpolating currents [442].
Current s0 (GeV2) Borel window (GeV2) mX (GeV) PC (%)
qbq¯b¯
J3µ 10.62 7.5 − 8.5 10.08 ± 0.10 45.9
J4µ 10.62 7.5 − 8.5 10.07 ± 0.10 46.2
J5µ 10.62 7.5 − 8.4 10.05 ± 0.10 45.3
J6µ 10.72 7.5 − 8.7 10.15 ± 0.10 47.6
sbs¯b¯
J3µ 10.62 7.5 − 8.3 10.11 ± 0.10 43.8
J4µ 10.62 7.5 − 8.4 10.10 ± 0.10 44.1
J5µ 10.62 7.5 − 8.3 10.08 ± 0.10 43.7
J6µ 10.72 7.5 − 8.5 10.18 ± 0.10 46.5
Table 17: Numerical results for the JPC = 1+− bottomonium-like tetraquark states using the color octet-octet interpolating currents [432, 433].
Current s0 (GeV2) Borel window (GeV2) mX (GeV) fX (10−2 GeV5)
J(8)1µ (BB¯
∗) 108 7.5 − 8.8 9.93 ± 0.15 1.02 ± 0.30
J(8)3µ (B
∗B¯∗) 108 7.8 − 8.7 9.92 ± 0.15 2.17 ± 0.62
HLL. One notes that there does not exist any confinement dynamics in the above Hamiltonian. The dominant contri-
bution arises from the constituent diquark mass. Various hyperfine interactions have to be determined through fitting
to data under the assumption that some observed states are tetraquark states. In contrast, the hyperfine interactions
in the quark model were derived rigorously with the help of the one gluon exchange potential and linear confinement
potential.
Later in Ref. [446], Ali, Hambrock, and Wang reproduced the observed masses of the Zb(10610) and Zb(10650)
in terms of the decay widths for the hb(2P)pi±. They obtained a ratio for the relative decay amplitudes in the decays
Zb(10610)/Zb(10650)→ hb(mP)pi±, which agrees with the experimental data [172]. Under the tetraquark hypothesis,
the Zb(10610) and Zb(10650) were further investigated with the non-relativistic QCD factorization scheme [447]. Ali
et al. identified the Zb(10610) and Zb(10650) as the S -wave JPG = 1++ states with the diquark spin distribution [448]:
Zb(10610) =
1√
2
[
|1[bq], 0[b¯q¯]〉 − |0[bq], 1[b¯q¯]〉
]
, (127)
Zb(10650) = |1[bq], 1[b¯q¯]〉J=1 , (128)
where s[bq] and s[b¯q¯] are the diquark and antidiquark spins, respectively. Moreover, there also exists the partner of the
X(3872) in the bottom sector Xb with JPC = 1++
Xb =
1√
2
[
|1[bq], 0[b¯q¯]〉 + |0[bq], 1[b¯q¯]〉
]
. (129)
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4.1.3. Kinematical effect
Besides the above resonant interpretations of the Zb(10610) and Zb(10650), Bugg proposed the Zb(10610) and
Zb(10650) as the cusp effect around the B¯B∗ and B¯∗B∗ thresholds [449]. Szczepaniak analyzed the properties of the
partial waves in the kinematic region of the direct channel which corresponds to the Zb(10610). He pointed out that
the triangle singularities would also give considerable contributions to the Zb(10610) peak [450].
Swanson also discussed the cusp hypothesis of the Zb(10610), Zb(10650), Zc(3900) and Zc(4025) [451]. The
decay amplitude Υ → pipiΥ can be related to the scattering amplitude of piΥ → piΥ in Fig. 45. He considered the
angular momentum barrier factors and reproduced the experimental data of Υ(5S ) → Υ(mS )pipi (m = 1, 2, 3) and
Υ(5S ) → hb(nP)pipi (n = 1, 2) (see Figures 3-5 of Ref. [451] for more details). He concluded that the Zb(10610) and
Zb(10650) may arise from the kinematical effect [451].
B*
B
Figure 45: The Υpi scattering by including the coupled-channel effect. Taken from Ref. [451].
In Ref. [452], Chen and Liu proposed the initial single pion emission (ISPE) mechanism in the hidden-bottom
dipion decays of the Υ(5S ). The direct emission of the single pion from the Υ(5S ) ensures that the intermediate
B(∗)B¯(∗) pairs carry low momenta. Then meson pairs interact with each other to transit into final states through the
exchange of one B(∗) meson (see Fig. 46). There exist sharp structures around 10610 MeV and 10650 MeV in the line
shapes of the dΓ(Υ(5S → Υ(nS )pi+pi−))/dmΥ(nS )pi+ and dΓ(Υ(5S → hb(mP)pi+pi−))/dmhb(mP)pi+ distributions in Fig. 47,
which could correspond to the Zb(10610) and Zb(10650) structures.
pi−
Υ(5S)
(a)
B(∗)+
B¯(∗)0
B(∗)0
pi+
Υ(nS)
pi+
Υ(5S)
(b)
B(∗)−
B(∗)0
B(∗)0
pi−
Υ(nS)
Figure 46: (Color online) The schematic diagrams describing the ISPE mechanism of the Υ(5S ). Here, we use Υ(5S )→ Υ(nS )pi+pi− as an example.
Taken from Ref. [452].
4.1.4. Production and decay patterns
Assuming the Zb(10610) and Zb(10650) to be hadronic molecules composed of the B¯B∗ and B¯∗B∗, their radiative
productions from the Υ(5S ) were studied in the heavy quark spin symmetry limit in Ref. [453]. Their two-body
strong decays Z+b (10610)→ Υ(nS )pi+ and Z+b (10650)→ Υ(nS )pi+ were evaluated in a phenomenological Lagrangian
approach in Ref. [454]. Their transitions to the bottomonium with the emission of a pion were investigated with the
application of the leading (dipole) term in the QCD multipole expansion in Ref. [455]. These transitions were also
studied via the intermediate BB¯ meson loops in Ref. [456] and via the triangle diagrams in Ref. [457].
In Ref. [458], the authors adopted the spin rearrangement scheme in the heavy quark limit and extensively in-
vestigated three classes of the radiative decays: M → (bb¯) + γ, (bb¯) → M + γ, M → M′ + γ, corresponding to
the electromagnetic transitions between one molecular state and bottomonium, one bottomonium and molecular state,
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Figure 47: (Color online) The invariant mass spectra of the Υ(nS )pi± (n = 1, 2, 3) and hb(mP)pi± (m = 1, 2) in Υ(5S ) → Υ(nS )pi+pi− and
Υ(5S )→ hb(mP)pi+pi− decays. Here, the maximum of the theoretical line shape is normalized to 1. Taken from Ref. [452].
and two molecular states respectively. Some model independent ratios were derived when the initial or final states
belong to the same spin flavor multiplet.
With the spin rearrangement scheme in the heavy quark limit, the authors of Ref. [459] performed a comprehensive
investigation of the decay pattern and production mechanism of the hidden bottom di-meson states, which are either
composed of a P-wave bottom meson and an S-wave bottom meson or two S-wave bottom mesons. The model-
independent ratios can be measured by future experiments like BESIII, Belle, LHCb and the forthcoming BelleII,
which will provide important clues to the inner structures of the exotic states.
Line shapes in the vicinity of the B(∗)B¯(∗) thresholds as well as two-body decay rates of the Zb(10610) and
Zb(10650) were studied using the heavy quark symmetry in Ref. [460]. The mixing of the S-D partial waves for
the heavy meson pairs in the decays Υ(5S ) → B∗B¯pi and Υ(5S ) → B∗B¯∗pi was studied in Ref. [461], where the
Zb(10610) and Zb(10650) were taken into account. Decays and productions of the Zb and other BB¯ molecules reso-
nances via the bottomonium were studied under the heavy quark symmetry in Ref. [462]. The contribution of the Zb
resonances to Υ(5S )→ pipipiχb was studied in Ref. [463].
The decays of the Zb(10610) and Zb(10650) to Υ(nS )pi, hb(mP)pi and χbJ(mP)γ (n = 1, 2, 3, m = 1, 2 and J =
0, 1, 2) were investigated within a nonrelativistic effective field theory in Ref. [464]. The authors argued that the
decays to Υ(nS )pi suffer from potentially large higher order corrections. However, the P-wave transitions of the Zb
states are dominated by a single one-loop diagram and therefore offer the best possibility to confirm the nature of the
Zb states as molecular states and to further study their properties. In Ref. [465], the contribution of the charged Zb
states to the Υ(3S )→ Υ(1S )pipi decays was discussed.
4.1.5. A short summary
• The Zb(10610) and Zb(10650) are charged hidden-bottom states with narrow widths, which are close to the
thresholds of the BB¯∗ and B∗B¯∗, respectively. The BB¯∗ branching ratio is (86.0 ± 3.6)% for the Zb(10610). For
the Zb(10650), the B(∗)B¯∗ branching ratio is (73.4±7.0)%. Both the Zb(10610) and Zb(10650) are very probably
either the B∗B¯∗ or B∗B¯∗ molecular states respectively.
• There exists attraction in the isovector axial vector channel. In fact the one-pion-exchange force alone is strong
enough to form the shallow bound states composed of the BB¯∗ and B∗B¯∗. There also exist their isoscalar
molecular partners.
• The Υ(5S ) [or Υ(6S )] is the ideal factory of the heavy molecular states, which shall be produced abundantly at
BelleII in the near future! The masses of the BB¯∗pi and B∗B¯∗pi are 10.744 GeV and 10.790 GeV respectively,
which are very close to the Υ(5S ) mass 10.860 GeV. Because of the tiny decay phase space, the relative motion
between the B(∗)B¯∗ pair is very slow, which is favorable to the formation of the B(∗)B¯∗ molecular states.
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• If the four quarks qq¯bb¯ are confined within the MIT bag to form an isovector axial vector tetraquark state, such
a system will decay into the Υ(1S )pi via S-wave easily and has a very large decay width around several hundred
MeV. The Υ(1S )pi should be its dominant decay mode.
• To explain the narrow total width and the dominant open-bottom decay modes, the diquark within the tetraquark
was assumed to be tightly bound and compact, which awaits future experimental confirmation.
4.2. Zc(3900), Zc(4020) and Zc(4025)
4.2.1. Molecular scheme
4.2.1.1. Meson exchange model. In 2008, the possible D(∗)D¯(∗) molecular states within the OBE model were dis-
cussed in Ref. [226]. Later, Sun et al. considered the S-D wave mixing effect and performed an intensive study of the
DD¯∗ and D∗D¯∗ molecular state systems in Ref. [205].
Table 18: The obtained bound state solutions (binding energy E and root-mean-square radius rRMS) for the DD¯∗ system. Taken from Ref. [205].
OBE OPE
IG(JPC) State Λ E (MeV) rRMS (fm) Λ E (MeV) rRMS (fm)
1+(1+−) Φˆ∗ - - -
4.6 -0.85 1.46
4.7 -3.42 1.17
4.8 -7.18 0.93
4.9 -12.40 0.75
1−(1++) Φ∗ - - - - - -
0−(1+−) Φˆ∗8
1.3 - - 3.4 -0.11 1.74
1.4 -1.56 1.61 3.5 -2.03 1.50
1.5 -12.95 0.98 3.6 -4.79 1.26
1.6 -35.73 0.69 3.7 -9.62 1.06
0+(1++) Φ∗8
1.1 -0.61 1.7 -3.01 1.37
1.2 -4.42 1.38 1.8 -7.41 1.06
1.3 -11.78 1.05 1.9 -14.15 0.84
1.4 -21.88 0.86 2 -23.82 0.68
Except the one-pion-exchange potential, the effective potential of the DD¯∗ system is similar to that of the BB¯∗
system listed in Sec. 4.1.1.1. The mass gap between mD∗ and mD is larger than the pion mass, which is different from
the case of the BB¯∗ system. In the derivation of the OPE potential in the coordinate space, one generally keeps the
principal value only when making the Fourier transformation to the scattering amplitude in the momentum space. The
OPE potential of the DD¯∗ system not only oscillates but also decreases very slowly [220, 226], which is an inherent
uncertainty of the OBE model when the mass gap of the final and initial states in the crossed diagram is larger than
the exchanged meson mass. The potential from the pi meson exchange is
VCrosspi = −
g2
f 2pi
[1
3
(2 · †3)ZDD
∗
pi (Λ4,m4, r) +
1
3
S (rˆ, 2, †3)T
DD∗
pi (Λ4,m4, r)
]
, (130)
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where
YDD
∗
pi (Λ4,m4, r) =
1
4pir
(
− e−Λ4r − r(Λ
2
4 + m
2
4)
2Λ4
e−Λ4r + cos(m4r)
)
,
ZDD
∗
pi (Λ4,m4, r) = 52YDD
∗
pi (Λ4,m4, r) =
1
r2
∂
∂r
r2
∂
∂r
YDD
∗
pi (Λ4,m4, r), (131)
T DD
∗
pi (Λ4,m4, r) = r
∂
∂r
1
r
∂
∂r
YDD
∗
pi (Λ4,m4, r).
The parameters Λ4 and m4 are defined as Λ4 =
√
Λ2 − (mD∗ − mD)2 and m4 =
√
(mD∗ − mD)2 − m2pi. The potentials of
the D∗D¯∗ system and B∗B¯∗ system have the same form (see Sec. 4.1.1.1).
Table 19: The obtained bound state solutions (binding energy E and root-mean-square radius rRMS) for the D∗D¯∗ system. Taken from Ref. [205].
OBE OPE
IG(JPC) State Λ E (MeV) rRMS (fm) Λ E (MeV) rRMS (fm)
1+(0+) Φ∗∗[J = 0]
3.6 -0.94 1.74 2.8 -2.03 1.47
3.8 -6.16 1.00 2.9 -6.10 1.00
4 -16.44 0.66 3 -12.51 0.74
4.2 -33.23 0.49 3.1 -21.56 0.59
0−(0+−) Φ∗∗8 [J = 0]
1.4 -1.72 1.62 3 -5.70 1.24
1.5 -17.98 0.88 3.1 -12.15 0.96
1.6 -54.60 0.47 3.2 -21.83 0.78
1+(1+) Φ∗∗[J = 1] - - -
4.7 -6.96 0.94
4.8 -12.29 0.73
4.9 -19.36 0.60
5 -28.31 0.51
0−(1+−) Φ∗∗8 [J = 1]
1.3 - - 3.6 -9.91 1.01
1.4 -3.44 1.44 3.7 -15.25 0.87
1.5 -16.57 0.90 3.8 -22.07 0.76
1.6 -41.25 0.66 3.9 -30.53 0.68
1+(2+) Φ∗∗[J = 2] - - - - -
0−(2+−) Φ∗∗8 [J = 2]
1.1 -0.61 1.72 1.6 -3.89 1.28
1.2 -7.50 1.19 1.7 -9.64 0.98
1.3 -19.22 0.89 1.8 -18.38 0.77
1.4 -35.93 0.73 1.9 -30.71 0.64
In Tables 18 and 19, the obtained bound state solutions for the DD¯∗ and D∗D¯∗ systems are correlated with the
cutoff parameter Λ in the monopole form factor F(q) = (Λ2 − m2E)/(Λ2 − q2), which is introduced to suppress the
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contribution from the large momentum exchange. When Λ is very large, F(q) ≈ 1 for the soft momentum exchange.
As we emphasized, the deuteron is the only well established di-hadron molecule. Various meson and nucleon coupling
constants are known well. After fitting to the experimental data, the value of Λ turns out to be 1-2 GeV in the deuteron
case. Such a value is regarded as “reasonable” and used in the discussion of the hidden-charm molecular states and
other molecular systems. The readers should be cautious about the uncertainty of this criteria.
From the numerical results in Tables 18 and 19, we list some interesting observations from the OPE and OBE
models below.
• There exists the long-range attraction due to the pion exchange in the IG JP = 1+1+ DD¯∗ and D∗D¯∗ systems.
• There exist loosely bound DD¯∗ and D∗D¯∗ molecular states in the isoscalar channel for a reasonable cutoff
around 1-2 GeV [466], where the short-range vector meson exchange provides additional attraction.
• With a large cutoff around 4.7 GeV which corresponds to the form factor F(q) ≈ 1, the one-pion-exchange
force is strong enough to form the isovector DD¯∗ and D∗D¯∗ molecular bound states. However, the short-range
interaction from the vector meson exchange in the OBE model tends to dissolve these loosely bound systems.
• Increasing the pionic coupling constant g is helpful to form the bound states [169].
• There do not exist the isovector DD¯∗ and D∗D¯∗ molecular bound states if one uses the value of the pionic cou-
pling extracted from the D∗ decay width and insists a cutoff around 1-2 GeV. However, the cutoff requirement
arises from the experience with the deuteron only. One needs to keep this point in mind.
• The Zc(3900) and Zc(4020) may be the molecular resonances generated by the long-range one-pion-exchange
force, although the OPE force might not be strong enough to form the molecular bound states below the thresh-
old with a cutoff around 1-2 GeV.
4.2.1.2. Other molecular models on the Zc(3900) and Zc(4025). The observation of the Zc(3900) has trigged intensive
discussions. In Ref. [243], Zhao, Ma, and Zhu considered the spin-orbit force and recoil corrections in the DD¯∗
interaction in the OBE model. They found two isoscalar DD¯∗ molecular states with JPC = 1++ and 1+−, the first of
which corresponds to the X(3872). However, they found it not easy to accommodate the Zc(3900) as the candidate
of the isovector molecular bound state of the DD¯∗. Later, He investigated the DD¯∗ systems in the framework of the
Bethe-Salpeter approach with the quasipotential approximation [467], where both direct and cross diagrams in the
one-boson-exchange potential were considered. His results indicated the existence of an isoscalar bound state DD¯∗
with JPC = 1++, which may be related to the X(3872). But no bound state was produced from the DD¯∗ interaction in
the isovector sector [467].
The authors of Refs. [205, 243, 467] noticed that it is not so easy to accommodate Zc(3900) as an isovector DD¯∗
molecular bound state, which is supported by several Lattice studies [468, 469, 470, 471]. Prelovsek and Leskovec
searched for the Zc(3900) on the lattice in the channel with JPC = 1+− and I = 1 without success [468]. Instead,
they found discrete scattering states DD¯∗ and J/ψpi only. Later in Ref. [469], a search for the Z+c with mass below
4.2 GeV was performed for the c¯cd¯u channel with IG(JPC) = 1+(1+−). The authors of Ref. [469] were able to find
all the expected signals. But again they found no convincing signal for an extra Z+c state. In Ref. [470], Chen et al.
analyzed the low-energy scattering of the DD¯∗ meson system using Lattice QCD with N f = 2 twisted mass fermion
configurations with three pion mass values. Their results indicated a weak repulsive interaction between the two
mesons D and D¯∗, and did not support a bound state in this channel corresponding to the Zc(3900). In Ref. [471],
the low-energy scattering of the D∗D¯∗ meson system was studied by Chen et al. by Lattice QCD calculation. Their
results indicated a weak repulsive interaction between the two vector charmed mesons, and did not support a bound
state in this channel corresponding to the Zc(4020)/Zc(4025).
In Ref. [472], Aceti et al. studied the DD¯∗ interaction in the isovector channel in the local hidden gauge approach
with heavy quark spin symmetry. They found a state with a mass of 3869-3875 MeV and a width around 40 MeV
with I = 1 and positive G-parity, which is interpreted as the isospin partner of the X(3872). They reanalyzed the
e+e− → pi±(DD¯∗)∓ reaction [159] and found a solution with a mass of 3875 MeV and a width around 30 MeV. But
they did not firmly interpret it as the Zc(3900). In Ref. [473], Aceti et al. studied the isovector D∗D¯∗ interaction in the
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local hidden gauge approach, and interpreted the Zc(4020)/Zc(4025) as a possible 2+ bound state of the D∗D¯∗ with
I = 1.
Besides the light meson exchange, He also considered the additional very short-range attraction from the J/ψ
exchange in Ref. [474] and found that the Zc(3900) can be interpreted as a resonance above the threshold from the
DD¯∗ interaction. In Ref. [421], Karliner and Rosner interpreted the Zc(3900), together with the X(3872), as weakly
bound molecular states with the DD¯∗ component and the Zc(4020)/Zc(4025) as a D∗D¯∗ molecular state.
The molecular type of interpolating currents were employed to investigate the Zc(3900) and Zc(4020) states in
QCD sum rules in Refs [432, 433, 475, 476, 430, 431, 477, 478]. The extracted mass agrees with the experimental
values within errors. However, one should be cautious in the interpretation of the extracted resonances as the molecular
states even if the color singlet-singlet
(
1[qc¯] ⊗ 1[cq¯]
)
molecular type of interpolating currents were used. The four
quarks in the currents have the same space-time position. Moreover, the interpolating current “sees” only the quantum
numbers of the resonance. Different interpolating currents with the same quantum numbers can generally couple to
the same physical state.
4.2.2. Tetraquark state assignment
4.2.2.1. QCD sum rules. In 2010, Chen and Zhu studied the mass spectrum of the hidden-charm tetraquark states
with JPC = 1+− in QCD sum rules in Ref. [442]. They used the interpolating currents listed in Eq. (123). The
numerical results are collected in Table 20. Later in Refs. [432, 433], the interpolating currents listed in Eq. (125)
with the color octet-octet
(
8[qc¯] ⊗ 8[cq¯]
)
configuration were also used. The results are collected in Table 21. The
extracted masses of the JPC = 1+− hidden-charm tetraquark states are roughly consistent with the masses of the
Zc(3900) and Zc(4020)/Zc(4025). There were some other QCD sum rule investigations of the charged Zc mesons as
charmonium-like tetraquarks in Refs [479, 480, 481].
Table 20: Numerical results for the JPC = 1+− hidden-charm tetraquark states with the diquark-antidiquark interpolating currents [442].
Current s0(GeV2) Borel window (GeV2) mX (GeV) PC(%)
qcq¯c¯
J3µ 4.62 3.0 − 3.4 4.16 ± 0.10 46.2
J4µ 4.52 3.0 − 3.3 4.02 ± 0.09 44.6
J5µ 4.52 3.0 − 3.4 4.00 ± 0.11 46.0
J6µ 4.62 3.0 − 3.4 4.14 ± 0.09 47.0
scs¯c¯
J3µ 4.72 3.0 − 3.6 4.24 ± 0.10 49.6
J4µ 4.62 3.0 − 3.5 4.12 ± 0.11 47.3
J5µ 4.52 3.0 − 3.3 4.03 ± 0.11 44.2
J6µ 4.62 3.0 − 3.4 4.16 ± 0.11 46.0
4.2.2.2. Diquark model. The Zc(3900) and Z(4020)/Zc(4025) were interpreted as tightly bound tetraquark states com-
posed of diquarks. In Refs. [482, 483], Maiani et al. interpreted the Zc(3900) as a diquark-antidiquark charmonium-
like tetraquark state and investigated its decay modes. This idea was further developed in Ref. [385], where Maiani,
Piccinini, Polosa and Riquer proposed a “type-II” diquark-antidiquark model. This is the extension of their “type-I”
diquark-antidiquark model [382], which will be discussed in Sec. 4.5.2. In this model, the S-wave tetraquarks can
be written in the spin basis as |s, s¯〉J , where s = sqc and s¯ = sq¯c¯ are the diquark and antidiquark spins, respectively.
The authors identified the X(3872) to be X1 = 1√2 (|1, 0〉1 + |0, 1〉1), and the Zc(3900) and Z(4020) to be the linear
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Table 21: Numerical results for the JPC = 1+− hidden-charm tetraquark states with the color octet-octet interpolating currents [432, 433].
Current s0(GeV2) Borel window (GeV2) mX (GeV) fX (10−2GeV5)
J(8)1µ (DD¯
∗) 18 2.8 − 3.7 3.90 ± 0.12 0.69 ± 0.21
J(8)3µ (D
∗D¯∗) 18 3.1 − 3.9 3.85 ± 0.11 1.51 ± 0.46
J(8)4µ (D1D¯1) 20 2.8 − 3.1 4.03 ± 0.18 0.59 ± 0.23
combinations of Z = 1√
2
(|1, 0〉1 − |0, 1〉1) and Z′ = |1, 1〉1 . They also identified the three other S -wave tetraquarks to
be X0 = |0, 0〉0, X′0 = |1, 1〉0 and X2 = |1, 1〉2. They further used the approximation that the dominant spin interactions
are within each diquark:
H ≈ 2κqc
(
sq · sc + sq¯ · sc¯
)
= κqc [s(s + 1) + s¯(s¯ + 1) − 3] , (132)
which leads to
X(3872) = X1 , Z(3900) ≈ Z , Z(4020) ≈ Z′ (133)
with the mass ordering
M(X1) ≈ M(Z) , M(Z′) − M(Z) ≈ 2κqc . (134)
The parameter κqc is fixed to be 67 MeV. The other three S -wave tetraquarks have the masses M(X0) ≈ 3770 MeV and
M(X′0) = M(X2) ≈ 4000 MeV. The last two states, X′0 and X2, are identified with the X(3940) and X(3916), while the
first one X0 has a smaller mass than that of the X(3872) and not yet identified. In this scheme, the authors identified
the Z+(4430) to be the first radial excitation of the Z(3900), which will be reviewed in Sec. 4.3.2.
The same diquark-antidiquark picture is used in Ref. [484] to study the Zc(3900)/Zc(3885) and Zc(4020)/Zc(4025)
states. In Ref. [484], Patel, Shah, and Vinodkumar used the non-relativistic interaction potential
V(r) = VV + VS = ks
αs
r
+ σr , (135)
which is just the Cornell potential consisting of the Coulomb potential and the linear confining potential. They
assigned the Zc(3900) and Zc(4025) as Qq¯ − Q¯q molecular-like four quark states, and the Zc(3885) as a diquark-
antidiquark tetraquark state.
In Ref. [485], Deng, Ping, Huang, and Wang systematically investigated the charged tetraquark states [cu][c¯d¯]
using the color flux-tube model with a four-body confinement potential. Their Hamiltonian was given as follows:
H4 =
4∑
i=1
mi + p2i2mi
 − TC + 4∑
i> j
Vi j + VCmin + V
C,S L
min , (136)
where TC is the center-of-mass kinetic energy of the state, and VCmin (V
C
min and V
C,S L
min ) is the quadratic confinement
potential. Vi j contains the one-boson-exchange potential VBi j , the σ-meson exchange potential V
σ
i j , the one-gluon-
exchange potential VGi j . They identified the Zc(3900)/Zc(3885) as the tetraquark state [cu][c¯d¯] with the quantum num-
bers 13S 1 and JP = 1+, and the Zc(4020)/Zc(4025) as the tetraquark state [cu][c¯d¯] with 15S 2 and JP = 2+. This is an
extension of their previous study [486], where Deng, Ping, and Wang interpreted the Zc(3900) and Zc(4025)/Zc(4020)
as the S-wave tetraquark states [cu][c¯d¯] with quantum numbers I = 1 and J = 1 and 2, respectively.
Within the framework of the color-magnetic interaction, the mass spectra of the hidden-charm and hidden-bottom
tetraquark states were studied systematically by Zhao, Deng and Zhu in Ref. [487]. They considered the chromomag-
netic interaction which was derived from one gluon exchange
HCM = −
∑
i> j
vi j~λi · ~λ j~σi · ~σ j , (137)
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where ~λi is the quark color operator and ~σi the spin operator. For the tetraquark system q1q2q¯3q¯4 with four different
flavors, the interaction matrix element between two S U(6)cs eigenstates |k〉 and |l〉 is
VCM(q1q2q¯3q¯4) = 〈k|HCM |l〉 = V12(q1q2) + V13(q1q¯3) + V14(q1q¯4) + V23(q2q¯3) + V24(q2q¯4) + V34(q¯3q¯4) . (138)
They considered the configurations qcq¯c¯, qcs¯c¯, scs¯c¯, qbq¯b¯, qbs¯b¯, sbs¯b¯ with JP = 1+, 0+, 2+. They used two schemes
and found that it was impossible to accommodate all the three charged states Zc(3900), Zc(4025) and Zc(4200) as
tightly bound tetraquark states, and at least one or two of these states is a molecular state or has some other structures.
Furthermore, they tended to conclude that both the Zc(3900) and Zc(4025) are good molecular candidates, while the
Zc(4200) is a very promising candidate of the lowest axial-vector hidden-charm tetraquark state.
The internal structure of the Zc(3900) was discussed in Ref. [488] by Voloshin. To differentiate the molecular
model as well as the hadro-charmonium and tetraquark schemes, he urged the measurements of the quantum numbers
of the resonance and its decay rates into yet unseen channels piψ′, pihc, ρηc and into pairs of heavy mesons D∗D¯ and
DD¯∗.
4.2.3. Kinematical effect
4.2.3.1. ISPE mechanism. The ISPE mechanism was also used to study the hidden-charm dipion decays of higher
charmonia [489]. The line shapes of dΓ/dmJ/ψpi+ , dΓ/dmψ(2S )pi+ and dΓ/dmhc(1P)pi+ of the ψ(4040), ψ(4160), ψ(4415),
Y(4260) decays into J/ψpi+pi−, ψ(2S )pi+pi−, hc(1P)pi+pi− showed the existence of the charged charmonium-like struc-
tures near the DD¯∗ and D∗D¯∗ thresholds [489]. The hcpi± mass distribution of ψ(4160)→ hc(1P)pi+pi− (red solid line)
from the ISPE mechanism [489] agrees roughly with the measurement by CLEO-c [490] (see Fig. 48). The Zc(3900)
structure and its reflection observed by the BESIII and Belle collaborations in Y(4260)→ pi+pi−J/ψ [64, 124] can also
be reproduced with the ISPE mechanism [491]. The results are shown in Fig. 49.
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Figure 48: (Color online) A comparison of the hcpi± mass distribution of ψ(4160) → hc(1P)pi+pi− (red solid line) from the ISPE mechanism and
measurement by CLEO-c (blue points with errors) [490]. Taken from Ref. [489].
4.2.3.2. Coupled channel cusp. In Ref. [451], Swanson proposed the charged Zc(3900) and Zc(4025) states as the
coupled channel cusp [451]. He pointed out that similar Zc structures may exist in B¯0 → J/ψpi0pi0 and B± → J/ψpi±pi0.
Neutral charmonium-like structures may exist near the DsD¯∗s and D∗sD¯∗s thresholds in B¯s → J/ψφφ and B¯0 → J/ψφK
decays, and near the DD¯∗, D∗D¯∗, DsD¯∗s and D∗sD¯∗s thresholds in B¯0 → J/ψηK. Later, Szczepaniak also indicated that
triangle singularities would give considerable contributions to the Zc(3900) [450]. However, Guo et. al. insisted that
these XYZ states cannot be purely kinematic effects, and the genuine S-matrix poles corresponding to states should
be introduced [400]. In Ref. [492], Swanson used a causal and analytic model of final state rescattering to describe
the current experimental data on the Zc(3900) and Zc(4025) without poles in the scattering matrix. In Ref. [493],
the authors analyzed the Z±c (3900)/Z±c (3885) structure using both energy dependent and independent DD¯∗ S-wave
interaction. The authors noticed that the Zc peak is either due to a resonance with a mass around the DD¯∗ threshold or
arises from a virtual state of the molecular nature. They concluded that a D¯∗D bound state solution is not allowed.
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Figure 49: (Color online) The distributions of the J/ψpi+ and pi+pi− invariant mass spectra of Y(4260) → pi+pi−J/ψ. The blue dots and green
triangles with error bars are the experimental data given by BESIII [64] and Belle [124], respectively. The red histograms are our results considering
contributions of the ISPE mechanism to the Y(4260)→ pi+pi−J/ψ decay. Taken from Ref. [491].
4.2.4. Production and decay patterns
Under the D∗D¯∗ molecular state assumption, the pionic, dipionic, and radiative decays of the Zc(3900) and
Zc(4025) and their productions via excited charmonia decays were studied extensively with the spin rearrangement
scheme in Refs. [169, 458, 459]. The electromagnetic structure of the Zc(3900) as an axial vector molecule was dis-
cussed using an effective theory with contact interactions in Ref. [494]. Hidden-charm decays of the Zc(3900) and
Zc(4025) were investigated via the intermediate D(∗)D¯(∗) meson loop in Ref. [495]. Strong decays of the Zc(3900)
were studied using a phenomenological Lagrangian approach in Ref. [496]. The decay rates of the Zc(3900) to J/ψpi,
ψ(2S )pi, ηcρ and D∗D¯∗ were studied within the light front model in Ref. [497]. The Zc(3900)/Zc(4020)→ ηcρ decays
were studied within both tetraquark and molecular pictures in Ref. [498]. The counterparts of Zc and their decay
modes were studied in Ref. [499] using the effective Lagrangian based on the heavy quark symmetry.
Radiative and dilepton decays of the Zc(3900) were studied using a phenomenological Lagrangian approach in
Ref. [500]. Radiative decays of the neutral Zc(3900) were studied in a hadronic molecule scenario in Ref. [501].
The photoproduction of the Zc(3900) in the γp → Zc(3900)+n process was proposed in Ref. [502]. The possible
contribution of the Zc(4025) resonance in the e+e− → (D∗D¯∗)±pi∓ reaction was reanalyzed in Ref. [503].
4.2.5. A short summary
• The Zc(3900) and Zc(4025) structures may arise from some kinematical effects, such as the ISPE mechanism,
triangle singularities, and coupled channel cusp effects.
• There exists the long-range attraction due to the pion exchange in the isovector JP = 1+ DD¯∗ and D∗D¯∗ systems.
However, the attraction may not be strong enough to form molecular bound states. The Zc(3900) and Zc(4025)
states may be molecular resonances.
• In the diquark-antidiquark model, the Zc(3900) and Z(4020)/Zc(4025) were interpreted as the S-wave tetraquark
states. To explain their narrow decay widths and the dominance of the open-charm decay modes, very special
dynamics has to be introduced such as the existence of the tightly bound diquarks.
4.3. Z+(4430)
4.3.1. Molecular state scheme
4.3.1.1. D¯1D∗ molecule. After its discovery, the subsequent experimental progress on the Z+(4430) was accompanied
by surprises. There are valuable lessons for us to learn from the history of this interesting particle.
After the observation of the Z+(4430) [103], Meng and Chao suggested the Z+(4430) as the S-wave D¯1D∗ (or
D¯′1D
∗) molecular state in Ref. [201] since the Z+(4430) is close to the D∗(2010)D1(2420) and D∗(2010)D′1(2430)
thresholds. Under this assignment, the Z+(4430) can be produced through the B+ decay. The branching ratio of the
Cabibbo-Kobayashi-Maskawa (CKM) favored decay mode B+ → D¯∗0(2010)D∗+s is large, where the D∗+s denotes the
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ground or excited state, which can decay into D+K0 and D0K+ or D+1 (2420)K
0 and D01(2420)K
+. The Z+(4430) can
be formed in the D¯∗0D+1 (2420) scattering process [201]. This scheme was also proposed by Rosner in Ref. [504].
To answer whether the D¯1(D¯′1) and D
∗ interaction is strong enough to form a bound state corresponding to the
Z+(4430), the dynamical calculation of the S-wave D¯1D∗ (or D¯′1D
∗) system with JP = 0−, 1−, 2− was carried out with
the OPE model [202], where D′1 and D1 belong to (0
+, 1+) and (1+, 2+) doublets, respectively. The potential from the
crossed diagram is much larger than that from the diagonal scattering diagram. With various trial wave functions, the
numerical results indicated that the attraction from the OPE potential alone is not strong enough to form a bound state
with realistic pionic coupling constants deduced from the decay widths of D1 and D′1 [202].
Later, the authors of Ref. [203] reexamined this issue by considering both the pion and σ meson exchange
potentials, where the form factor was introduced to take into account the structure effect of the interaction vertex.
Different from the treatment in Ref. [202], the authors solved the Schro¨dinger equation with the obtained effective
potentials [203]. They found the OPE potential from the crossed diagram plays a dominant role in the formation of
the S-wave D¯′1D
∗ or D¯1D∗ molecular system. There exists the bound state solution for the S-wave D¯′1D
∗ system with
JP = 0−, 1−, 2−, where the contribution from the σmeson exchange is small. Whether the broad width of D′1 disfavors
the formation of a molecular state should be carefully studied in the future [203]. The S-wave D¯1D∗ molecular state
with JP = 0− may exist if taking appropriate parameters as input. Different from the case of the S-wave D¯′1D
∗ system,
the contribution from the σ meson exchange is significant for the S-wave D¯1D∗ molecular state.
Ding et al. [235] also studied the D∗D¯1 interaction in the quark model. The interaction between a quark and
an antiquark includes the short distance one-gluon exchange potential and the long distance confinement interaction
[235]. After solving the multichannel Schro¨dinger equation, they found that the Z+(4430) can be explained as a
loosely D¯1D∗ molecular state with JP = 0− [235], which is consistent with the conclusion from the OPE model [203].
In Refs. [505, 506], the Z+(4430) was proposed as a D∗D¯1 molecule with JP = 0− using the molecular type of
interpolating currents in QCD sum rules.
Liu and Zhang applied a chiral quark model to study the S-wave D1D¯∗ (D′1D¯
∗) system by solving the resonating
group method equation [233]. Their results disfavored the assignment of the Z+(4430) as the S-wave D1D¯∗ (D′1D¯
∗)
molecular state [233]. Later in Ref. [507], Li et al. used the SU(3) chiral quark model to study the interaction potentials
between one S-wave and one P-wave heavy mesons systematically. Their results also disfavored the assumption that
the Z+(4430) is an isovector D1D¯∗ charged molecule.
The quenched lattice QCD using Lu¨scher formalism was adopted to study the interaction between the D∗ and D¯1
in Refs. [508, 509]. The authors concluded that the interaction of D∗ and D¯1 is attractive in the JP = 0− channel
but not strong enough to form a bound state [508, 509]. Both the phenomenological models [202, 203, 235, 233]
and the quenched lattice QCD calculations [508, 509] indicated that the S-wave D1D¯∗ interaction is attractive. The
authors of Ref. [510] proposed that the Z+(4430) is either a D∗D¯1 state dominated by the long-range pion exchange,
or a DD¯∗(1S , 2S ) state with important short-range components.
4.3.1.2. Z+(4430) as a JP = 1+ molecule. After Belle and LHCb established its spin-parity JP = 1+, it is obvious
that the S-wave D¯1D∗ (or D¯′1D
∗) molecular state assignment of the Z+(4430) does not hold. The authors of Ref. [511]
proposed three possible molecular configurations: (1) the Z+(4430) as the P-wave excitation of the S-wave D1D¯∗ or
D2D¯∗ molecule; (2) the Z+(4430) as the S-wave molecule composed of a D or D∗ meson and a D-wave vector D
meson; (3) the Z+(4430) as the cousin molecular state of the Zc(3900) and Zc(4020) composed of a D or D∗ meson
and their radial excitations. In the heavy quark symmetry, they further investigated the radiative and strong decay
patterns of the Z+(4430), and found [511]
• If the charm quark mass goes to infinity and heavy quark symmetry is exact, the S-wave molecule composed of
a D or D∗ meson and a D-wave vector D meson does not decay into the ψ′pi final states, which is the discovery
mode of the Z+(4430). Unfortunately, the charm quark mass is only 1.5 GeV.
• The Z+(4430) could be the P-wave excitation of the D1D¯∗ or D2D¯∗ molecule, their radiative and strong decay
patterns can be investigated with the spin rearrangement scheme in the heavy quark symmetry limit, together
with their S-wave molecular ground states. Their radiative decays are presented in Ref. [458]. Within this
scheme, the non-observation of the Z+(4430) in the J/ψpi mode is always a serious challenge. There exists no
manifest symmetry forbidding this mode. The same challenge holds for the tetraquark interpretation. Moreover,
if the Z+(4430) is the P-wave molecule, where is the ground state?
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• If the Z+(4430) happens to be the molecular cousin of the Zc(3900) and Zc(4020) composed of a D or D∗ meson
and their radial excitations, it would decay into the J/ψpi and ψ′pi easily. However, it would not decay into the
ψ(13D1)pi in the heavy quark symmetry limit. The neutral component will also decay into the χcJ through the
M1 transition. The resulting decay width ratio is 1:3:5. Since the Z+(4430) contains one radial excitation as
its molecular component, one may expect that the Z+(4430) may decay into the final state containing a radial
excitation more easily.
4.3.2. The tetraquark assignment
In Ref. [482], Maiani, Polosa and Riquer suggested the Z+(4430) as the first radial excitation of the tetraquark
basic supermultiplet to which the X(3872) belong. Later in their “type-II” diquark-antidiquark model [385], reviewed
in Sec. 4.2.2, Maiani et al. identified the Z+(4430) as the first radial excitation of the Z(3900). The mass difference
between the Zc(4430) and Zc(3900) is 593 MeV, which is very close to the mass difference between the ψ(2S ) and
ψ(1S ) with 589 MeV.
A similar but relativistic diquark-antidiquark picture was proposed in Ref. [512], where Ebert, Faustov, and Galkin
calculated the masses of the excited heavy tetraquarks with hidden-charm in the diquark-antidiquark picture. They
used the dynamical approach based on the relativistic quark model, and took into account the diquark structure by
calculating the diquark-gluon form factor. They used S and A to denote scalar and axial vector diquarks which are
flavour antisymmetric and symmetric, respectively. Their studies suggested that the Z+(4430) can be either the 1+ 2S
[cu][c¯d¯] tetraquark state consisting of (S A¯ − S¯ A)/√2, or the 0+ 2S [cu][c¯d¯] consisting of AA¯.
In Ref. [484], Patel, Shah, and Vinodkumar once more identified the Z+(4430) as the first radial excitation of
the Zc(3885) using a non-relativistic quark model. Later in Ref. [513], Hadizadeh and Khaledi-Nasab studied heavy
tetraquarks with hidden-charm and hidden-bottom by solving the homogeneous Lippmann-Schwinger integral equa-
tion in momentum space. The Z+(4430) was again explained as the 2S cqc¯q¯ tetraquark state consisting of AA¯, with A
the axial vector diquark. Its mass was evaluated to be 4535 MeV and 4469 MeV from nonrelativistic and relativistic
Lippmann-Schwinger equations, respectively.
Hence, the idea that the Z+(4430) is the first radial excitation of the tetraquark basic supermultiplet to which the
X(3872) and Zc(3900) belong is accepted in many models which interpreted the charged charmonium-like states as
the tightly bound diquark-antidiquark states. However, in Ref. [485], Deng et al. systematically investigated the
charged tetraquark states [cu][c¯d¯] using the color flux-tube model with a four-body confinement potential. They can
not describe the Z+(4430) as such a tetraquark state.
Especially, the Belle experiment measured the ratio B(Z+(4430)→ ψ(2S )pi+)/B(Z+(4430)→ J/ψpi+) to be about
10 [514]. As discussed in Ref. [515], it would be extremely challenging to accommodate this ratio if the Zc(4430) is
an S-wave tetraquark ground state or its radial excitation. Hence, the tetraquark interpretations of the Zc(3900) (as the
ground state of the Z+(4430)) and its partner X(3872), would be crucial for the diquark-antidiquark picture, which has
been/will be reviewed in Sec. 4.2.2 and Sec. 4.5.2, respectively.
Assuming the Z+(4430) to be a tetraquark bound state made up of (cu)(c¯d¯), its bottom partners were investigated
in Ref. [516]. First, Cheung, Keung, and Yuan replaced one of the charm quarks by a bottom quark, and obtained the
mass of Zbc to be around 7.6 GeV. Then, they replaced both the charm quark and antiquark by the bottom quark and
antiquark, and obtained the mass of Zbb to be about 10.7 GeV. They also proposed two channels to observe them, i.e.,
Z++bc → B+c (23S 1)pi+ and Z+bb → Υ(2S )pi+ .
To distinguish whether the tetraquarks are segregated into di-meson molecules, diquark-antidiquark pairs, or more
democratically arranged four-quark states, Brodsky and Lebed proposed a number of experimentally straightforward
and feasible tests in Ref. [517], which can be applied to tetraquark candidates such as the X(3872) and Z+(4430). A
new dynamical picture was introduced in Ref. [518], where Lebed proposed that some subset of charmonium-like
states are bound (not molecular) states of color 3 − 3¯ compact diquarks, which have achieved substantial separation
due to the large energy release of the process in which they are formed. This mechanism relies on the existence of
compact diquarks and gives a qualitative picture of the strong preference of the Z+(4430) to decay to the ψ(2S ) rather
than the J/ψ. However, a dynamical quantitative calculation is still missing.
4.3.3. Cusp effect
Besides the above exotic assignments, the Z+(4430) was proposed as the D∗(2010)D¯1(2420) threshold cusp effect
in Ref. [519]. The author adopted the unitarized quark model [520] with the T-matrix method. The Z(4430) structure
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in the Belle data could be reproduced by either a resonance or a bare cusp. For the later case, although there was no
second or third-sheet pole in the vicinity of the cusp, the Argand diagram and the peak were all reproduced well.
4.3.4. Production, decay patterns, and other theoretical schemes
The Z+(4430) was also studied using various theoretical frameworks, including the utilization of the SU(3) flavor
symmetry [521], the large N scalar QCD in two dimensions [522], the semirelativistic quark potential model [523],
and the piψ′ interaction [524].
The authors of Ref. [525] studied the charmonium-like tetraquark states with JPC = 0+− by using the following
interpolating currents in QCD sum rule,
η1(x) = uTa Cγ
µcb(d¯a
↔
Dµ Cc¯Tb + d¯b
↔
Dµ Cc¯Ta ) − uTa C
↔
Dµ cb(d¯aγµCc¯Tb + d¯bγ
µCc¯Ta ),
η2(x) = uTa Cγ
µcb(d¯a
↔
Dµ Cc¯Tb − d¯b
↔
Dµ Cc¯Ta ) − uTa C
↔
Dµ cb(d¯aγµCc¯Tb − d¯bγµCc¯Ta ),
η3(x) = uTa Cγ
µγ5cb(d¯a
↔
Dµ γ5Cc¯Tb + d¯b
↔
Dµ γ5Cc¯Ta ) − uTa C
↔
Dµ γ5cb(d¯aγµγ5Cc¯Tb + d¯bγ
µγ5Cc¯Ta ),
η4(x) = uTa Cγ
µγ5cb(d¯a
↔
Dµ γ5Cc¯Tb − d¯b
↔
Dµ γ5Cc¯Ta ) − uTa C
↔
Dµ γ5cb(d¯aγµγ5Cc¯Tb − d¯bγµγ5Cc¯Ta ),
(139)
where
↔
Dµ=
→
Dµ −
←
Dµ is the covariant derivative operator. The masses of these scalar charmonium-like tetraquark states
were extracted as 4.8 − 5.0 GeV, which are much higher than that of the Z+(4430). As a byproduct, the masses of the
bottomonium-like tetraquark states with JPC = 0+− were predicted to be around 11.2 − 11.3 GeV [525] .
In Ref. [526], Liu, Zhao, and Close studied the photoproduction of the Z+(4430) in the γp→ Z+(4430)n→ ψ′pi+n
process. This process was further studied in Ref. [527], where Galata presented a model for high energy and forward
angle Z+(4430) photoproduction in an effective Lagrangian approach.
In Ref. [528], Ke and Liu studied the Z+(4430) in the nucleon-antinucleon scattering, and discussed the production
of the Z+(4430) in the PANDA experiment. Production of the neutral Z0(4430) in the pp¯ → ψ′pi0 reaction was
discussed using an effective Lagrangian in Ref. [529]. The (DD¯∗)+ → ψ(2S )pi+ rescattering process in the decay
chain B→ Ds(2S )−D , Ds(2S )− → D¯∗K was investigated to explain the peak structure in the ψ(2S )pi+ mass spectrum
around 4.43 GeV in Refs. [530, 531].
The decay properties of the Z+(4430) were generally discussed under the QCD-string based explanation in Ref. [532].
The hidden-charm and radiative decays of the Z+(4430) were studied in Ref. [533], and its open-charm decays were
studied in Ref. [534], assuming it as a D1D¯∗ molecular state. Line shapes of the Z+(4430) in the ψ′pi+ decay channel
and in D∗D¯∗pi decay channels were investigated in Ref. [535]. The typical radiative and hidden-charm and open-charm
strong decay patterns of the Z+(4430) were investigated with the help of the heavy quark symmetry in Ref. [511]. The
phase motion in the Z−(4430) amplitude in the B0 → ψ′pi−K+ decay was studied using the isobar-based amplitude
difference method in Ref. [536].
4.3.5. A short summary
• Some model calculations and one quenched lattice QCD calculation indicated that the S-wave D1D¯∗ interaction
is attractive. There may exist bound states in the S-wave and P-wave D¯1D∗ system. The Z+(4430) may be the
P-wave D1D¯∗ or D2D¯∗ molecular state.
• The Z+(4430) may be the molecular cousin of the Zc(3900) and Zc(4020) composed of a D or D∗ meson and
their radial excitations, which decays into the J/ψpi and ψ′pi easily. However, it will not decay into the ψ(13D1)pi
in the heavy quark symmetry limit.
• In many diquark-antidiquark models, the Z+(4430) was described as the first radial excitation of the basic
tetraquark supermultiplet containing the X(3872) and Zc(3900).
• The presence of one radial excitation within the Z+(4430) may help to explain the measured ratioB(Z+(4430)→
ψ(2S )pi+)/B(Z+(4430)→ J/ψpi+).
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4.4. Other charged states: Z+(4051), Z+(4248) and Z+(4200)
4.4.1. Molecular state scheme
Like the Z+(4430), the Z+(4051) and Z+(4248) must contain at least four quarks if they are resonances, which also
inspired discussions whether they can be hadronic molecular states.
The possible molecular states composed of S-wave charmed and anti-charm mesons were systematically studied
in Ref. [226], which can be categorized into a flavor octet and a singlet. Through the OBE model, the effective
potentials were obtained to check whether the corresponding bound state solution can be found. The total effective
potentials of the D∗D¯∗ systems with J = 0, 1 and J = 2 are attractive and repulsive in the range r < 1 fm respectively
(see Fig. 5 of Ref. [226]). They found that there does not exist the D∗D¯∗ molecular bound state with a reasonable
cutoff, so the Z+(4051) is probably not a molecular bound state [226]. However, the possibility of interpreting it as
the D∗D¯∗ molecular resonance was still not excluded.
In Ref. [231], the authors systematically studied the bound state problem of the S-wave heavy meson-antimeson
systems in a chiral SU(3) quark model by solving the resonating group method equation. There does not exist the
isovector (charm-anticharm) molecular state. The assignment of the Z+(4051) as an S-wave D∗D¯∗ molecule was
disfavored [231]. Moreover, the Z+(4248) can not be explained as the D∗D¯∗0 molecule according to the analysis in the
chiral quark model [507]. The Z+(4248) was suggested as a D1D¯ molecular state using QCD sum rule approach [537].
Ding applied the OBE model to study the interaction between the D1 and D¯, and he concluded that the Z+(4248) as a
D1D¯ molecular state was disfavored due to the large cutoff [236].
Various theoretical investigations do not support the molecular assignment of the Z+(4051) and Z+(4248) [226,
231, 236].
4.4.2. Tetraquark state assignment
The Z+(4051) and Z+(4248) were discussed as the diquark-antidiquark states in Refs. [512, 484, 485]. In Ref. [512],
Ebert, Faustov, and Galkin found no tetraquark candidates for the Z+(4051) structure, but they found that the Z+(4248)
can be interpreted as the charged partner of the 1− 1P [cu][c¯d¯] tetraquark state consisting of S S¯ , or the 0− 1P [cu][c¯d¯]
tetraquark state consisting of (S A¯ ± S¯ A)/√2, where S and A are the scalar and axial vector diquarks respectively.
In Ref. [484], Patel, Shah, and Vinodkumar assigned the Z+(4050) as a Qq¯ − Q¯q molecular-like tetraquark state. In
Ref. [485], Deng, Ping, Huang, and Wang identified the Z+(4051) as the tetraquark state [cu][c¯d¯] with the quan-
tum numbers 13P1 and 1−, the Z+(4248) as the tetraquark state [cu][c¯d¯] with 15D1 and 1+, and the Z+(4200) as the
tetraquark state [cu][c¯d¯] with 13D1 and 1+.
4.4.3. Production and decay patterns
As a tetraquark state, the hadronic decays Zc(4200)+ → J/ψpi+,Zc(4200)+ → ηcρ+ and Zc(4200)+ → D+D¯∗0 were
calculated with the three-point functions in the framework of the QCD sum rules in Ref. [538]. The decay widths
of the dominant decay modes ηcρ and J/ψpi are 253 MeV and 87 MeV, respectively. Because of the suppression of
the phase space, the decay width of its open-charm mode is around several MeV. Including all these channels, the
full decay width of the Zc(4200)+ state is consistent with the experimental value reported by the Belle Collaboration,
supporting the tetraquark interpretation of the Z+(4200) [538].
The photoproduction of the Z+(4200) was investigated using an effective Lagrangian approach and the Regge
trajectories model in Ref. [539]. Productions of the neutral Z0(4200) in pp¯ → J/ψpi0 reaction was discussed in
Ref. [540]. The rescattering effects in the e+e− → D(∗)D¯(∗) process were investigated to understand the Z+(4051),
X(3872) and the relevant bound state problem in a meson exchange model in Ref. [541].
4.4.4. A short summary
• Further experimental confirmation of the charged states Z+(4051), Z+(4248) and Z+(4200) will be helpful.
• Various theoretical investigations do not support molecular assignments of the Z+(4051) and Z+(4248).
• The tetraquark assignments for the Z+(4051), Z+(4248) and Zc(4200) were discussed using several theoretical
models.
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4.5. X(3872)
As the first observed state in the XYZ family, the X(3872) has attracted extensive attentions from both theoretical
and experimental groups all over the world. As shown in Sec. 2.1.1.1, the experimental information of the X(3872) is
the most abundant among all the observed XYZ states. However, we still do not fully understand its nature, although
more than ten years passed since its observation in 2003. During these years, various pictures/interpretations have
been proposed to explain the nature of the X(3872). In the following, we mainly focus on several popular theoretical
schemes of the X(3872), i.e., the DD¯∗ molecular state, the axial vector tetraquark assignment, and the radial excitation
of the axial vector charmonium state, etc.
4.5.1. Molecular scheme
Before reviewing the theoretical progress on the molecular assignment of the X(3872), we note that the mass of
the χ′c1(2P) charmonium state was estimated to be 3.95 GeV [17], which is significantly higher (around 80 MeV) than
the observed mass of the X(3872) [1].
4.5.1.1. Swanson’s model. Swanson proposed to interpret the X(3872) as a JPC = 1++ D0D¯∗0 hadronic resonance
stabilized by the admixture of ωJ/ψ and ρJ/ψ [197], due to the proximity of this state to the DD¯∗ threshold. He
analysed the X(3872) based on a microscopic model, which incorporates both the quark exchange induced effective
interaction ∑
i< j
λ(i)
2
· λ( j)
2
{
αs
ri j
− 3
4
bri j − 8piαs3mim j Si · S j
(
σ3
pi3/2
)
e−σ
2r2i j
}
, (140)
as well as the pion exchange induced effective interaction [185, 186, 542]
Vpi = −γV0
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 . (141)
He found that the quark exchange effects can cause binding in the coupled DD¯∗, ωJ/ψ or ρJ/ψ systems, but the
potential depth is not sufficient to form a resonance. On the other hand, the pion exchange effects can not bind the
DD¯∗ system with canonical parameters. However, the combined pion and quark induced effective interactions are
sufficient to cause binding, and he found there is only one binging DD¯∗ state of 1++, which can be used to explain the
X(3872). He found no other JPC , no charged modes, and no DD¯ molecules exist in this model.
Under this molecule picture, Swanson calculated the ratio of B(X(3872) → ψ′γ) with respect to B(X(3872) →
J/ψγ) to be 4 × 10−3 [197, 219], which largely deviated from the experimental data 3.4 ± 1.4 [89] and 2.46 ± 0.64 ±
0.29 [92]. He derived the ratio of B(X(3872) → γJ/ψ) with respect to B(X(3872) → J/ψpi+pi−) to be around
10−2 [197, 219], while the experimental value is 0.14 ± 0.05 [75] and 0.33 ± 0.12 [89]. Within this model, the
ratio of B(X(3872)→ D0D¯0pi0) with respect to B(X(3872)→ J/ψpi+pi−) was inconsistent with experimental data.
4.5.1.2. X(3872) as the DD¯∗ molecule. Wong [543] applied a quark-based model to study the molecular states com-
posed of two heavy mesons, in terms of a four-body non-relativistic Hamiltonian with pairwise effective interactions.
The calculated masses of the D0D¯∗0 and D+D∗− molecular systems are 3863.67 MeV and 3871.77 MeV, respectively.
He suggested that the molecular states D0D¯∗0, D+D¯∗−, and D−D¯∗+ are mixed to form components of I = 0 and I = 1
states, and the I = 0 state can be interpreted as the X(3872).
Such a molecule assignment was used in many theoretical studies to investigate the X(3872). The authors of
Ref. [544] used an effective Lagrangian to describe the X(3872), which is consistent with the heavy-quark and chiral
symmetries needed. They modified the Weinberg’s approach to describe bound states [545, 546], and found that the
X(3872) can be a molecular bound state of the D∗0 and D¯0 mesons. They also proposed the molecular bound state
Xb of the B∗0 and B¯0 with the mass of 10604 MeV. Fleming et al. [547] also developed an effective field theory of
non-relativistic pions and D mesons, and applied it to describe the X(3872) as a bound state of the D0D¯∗0 and D¯0D∗0.
They calculated the next-to-leading-order correction to the partial decay width X(3872)→ D0D¯0pi0.
However, Suzuki pointed out that some of the observed properties of the X(3872) are incompatible with the
molecule interpretation [548]. Especially, there is no long-range force to bind the D and D¯∗ into a deuteron-like state,
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and the observed production rates of the X(3872) in B decay and pp collision are too large for a very loosely bound
state. Alternately, he interpreted the X(3872) as the excited 3P1 charmonium state mixing with D and D¯∗ mesons.
Detailed reviews about this charmonium picture can be found in Sec. 4.5.3.
At the same time, many experiments were devoted to study the X(3872), and more and more experimental infor-
mation was available. Some of them are very interesting, see reviews in Sec. 2.1.1.1. More research groups jointed
the debate on whether the interaction between the D and D¯∗ mesons is large enough to form a bound state.
The one pion exchange potential alone does not bind the proton and neutron pair into the deuteron, and the strong
attractive force in the intermediate range has to be introduced in order to form the deuteron, which is modeled as
the sigma meson exchange potential. This is well-known in nuclear physics. Liu et al. [220] performed a dynamical
calculation of the D0D¯∗0 system taking into account both the pion and sigma meson exchange potential. Their analysis
disfavored the interpretation of the X(3872) as a loosely bound molecular state with the experimental D∗Dpi coupling
constant g = 0.59 and a reasonable cutoff around 1 GeV. In contrast, they proposed that there exists a loosely bound
S -wave BB¯∗ molecular state.
In Ref. [549], Thomas and Close studied the pion exchange between charm and bottom mesons. They found that
the X(3872) can be a bound state, but the results are very sensitive to a poorly constrained parameter, such as a cutoff
around 1500 MeV and the relatively large L = 2 components, etc. They confirmed the results obtained in Ref. [220],
as well as confirmed that bound states in the BB¯ sector are possible.
Later in Ref. [226], Liu et al. further considered the vector meson exchange, besides the pseudoscalar and scalar
meson exchanges [220]. They applied this OBE model to systematically study possible molecular states composed
of S-wave charmed and anti-charm mesons, such as the DD¯, DD¯∗, and D∗D¯∗. They found that the vector meson
exchange provides strong attraction in the D∗D¯ system together with the pion exchange, and the X(3872) may be
accommodated as a molecular state.
Lee et al. [223] also discussed this issue in the framework of a potential model generated by the exchange of
pseudoscalar, scalar and vector mesons. They considered both charged and neutral DD¯∗ components, and both S -
wave and D-wave contributions. Additionally, the isospin symmetry breaking effects were fully taken into account.
Their result showed that there exists a bound state in the DD¯∗ system with JPC = 1++ for a reasonable value of
the meson-exchange regularization parameter, Λ ∼ 1.2 GeV. They also suggested that the BB¯∗ bound states can be
bounded in the isoscalar limit for JPC = 1++ and 1+−.
A systematic analysis of four-quark hidden-charm states as both compact four-quark states and meson-meson
molecules was performed in Ref. [550] by Fernandez-Carames, Valcarce, and Vijande. The authors found a DD¯∗
bound state slightly below the threshold with quantum numbers I JPC = 0 1++, which could correspond to the
X(3872). Further studies can be found in Refs. [551, 552].
After the observation of the two charged Zb states [172], the authors of Ref. [205] performed an extensive study of
the possible B∗B¯, B∗B¯∗, D∗D¯, D∗D¯∗ molecule states in the framework of the OBE model. They considered neutral and
charged DD¯∗ modes and S-wave and D-wave mixing. Their results indicated that there exists a bound state solution
in the DD¯∗ system. See Table 18 in Sec. 4.2.1, where Φ∗8 corresponds to the X(3872).
The unitarized heavy meson chiral perturbation theory was applied in Ref. [553] by Wang and Wang to study
the DD¯∗ scattering with the pion exchange and a contact interaction. They found a loosely bound state X(3872),
with the pole position being 3871.70 − i0.39 MeV, which is not sensitive to the strength of the contact interaction.
Hence, their calculation provides a theoretical confirmation of the existence of the 1++ state X(3872), and the light
quark mass dependence of the pole position indicates that the X(3872) has a predominately DD¯∗ molecular nature.
Their analysis is reexamined in Ref. [554] by Baru et al. However, assuming the X(3872) to be a DD¯∗ molecular
state, they concluded that the pion mass dependence of its pole position is expected to depend strongly on the pion
mass dependence of the DD¯∗ interaction at short range. They also argued that a more deeply bound X(3872) for an
increased pion mass as found in Ref. [555] does not contradict its molecular nature.
4.5.1.3. Isospin violation, S-D wave mixing and coupled channel effects. The authors of [241] further investigated
the X(3872) as a JPC = 1++ DD¯∗ molecular state in the OPE model and the OBE model. They not only took into
account the S -D wave mixing effect, but also considered the isospin breaking and the coupled-channel effect. In order
to find out the specific role of the charged DD¯∗ mode, the isospin breaking and the channel coupling of the X(3872)
to the D∗D¯∗ in forming the shallow bound state, the authors first considered the neutral component D0D¯∗0 only and
included the S-D wave mixing, which corresponds to Case I. Then the charged D+D∗− component was added to form
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Table 22: The different channels for Cases I, II, III and IV of the X(3872) with JPC = 1++. “− ” means the corresponding channel does not exist.
Taken from Ref. [241].
Channels
Cases 1 2 3 4 5 6
I
[
D0D¯∗0
]
|3S 1〉
[
D0D¯∗0
]
|3D1〉 − − − −
II
(
DD¯∗
)
|3S 1〉
(
DD¯∗
)
|3D1〉 − − − −
III
(
DD¯∗
)
|3S 1〉
(
DD¯∗
)
|3D1〉 − −
{
D∗D¯∗
}
|3S 1〉
{
D∗D¯∗
}
|3D1〉
IV(Phy)
[
D0D¯∗0
]
|3S 1〉
[
D0D¯∗0
]
|3D1〉 [D+D∗−] |3S 1〉 [D+D∗−] |3D1〉 {D∗D¯∗} |3S 1〉 {D∗D¯∗} |3D1〉
the exact DD¯∗ isospin singlet with the S-D mixing, which is Case II. Since the 1++ D∗D¯∗ channel lies only 140 MeV
above and couples strongly to the DD¯∗ channel, the authors further introduced the coupling of the DD¯∗ to D∗D¯∗ in
Case III. Finally, they took into account the explicit mass splitting between the charged and neutral D(D∗) mesons,
which is the physical Case IV. The authors considered six channels of these four cases in Table 22.
From Tables 23 and 24, one notes that the mass difference between the charged and neutral charmed mesons leads
to large isospin violation in the probability of the
[
D0D¯∗0
]
and
[
D+D∗−
]
components in the flavor wave functions of
the X(3872). Moreover, the isospin breaking effect is amplified by the tiny binding energy. As an example, when
the binding energy is 0.3 MeV, they found that the isovector component inside the X(3872) is 26%, and the ratio of
the two hidden-charm decay modes B(X(3872) → pi+pi−pi0J/ψ)/B(X(3872) → pi+pi−J/ψ) was estimated to be 0.42,
consistent with the experimental value [75, 90].
The authors emphasized that the existence of the shallow bound state X(3872) and very large isospin violation in
its hidden-charm decay arise from the very delicate combined efforts of the several driving forces including the long-
range one-pion exchange, the S-D wave mixing, the mass splitting between the charged and neutral D(D∗) mesons,
and the coupled-channel effects [241].
In a recent work [243], Zhao, Ma, and Zhu further studied the DD¯∗ system in the framework of the OBE model.
They examined the spin-orbit force correction up to O(1/M) and the recoil correction up to O(1/M2), and found that
the former one is important for the very loosely bound state. Their result suggested that there exists an isoscalar
molecular state in the DD¯∗ system with JPC = 1++. Their result also suggested that the recoil correction may be
larger than the binding energy of the X(3872), which may partly force the X(3872) to become a very shallow bound
state [243].
In Fig. 50, we summarized the above investigations, which attempted to answer whether the X(3872) is a DD¯∗
molecular state or not. Until now, many theoretical studies suggested that the interaction in the DD¯∗ system with
IG(JPC) = 0+(1++) is attractive, which can result in a shallow bound state. However, further experimental and theo-
retical studies are needed to test this hadronic molecular state assignment to the X(3872). Especially, studies on its
decay behaviors are important, which will be reviewed in Sec. 4.5.5.
4.5.1.4. QCD sum rule. In QCD sum rule, Chen et al. described the X(3872) as a mixed state of charmonium hybrid
and D¯D∗ molecular state using the following current with JPC = 1++ [556]
Jξν =
√
1 − ξ2Jmν + ξσJhν , (142)
where the charmonium hybrid current Jhν and molecular current J
m
ν are
Jhµ =
1
2
gc¯γνλaG˜aµνc , G˜
a
µν =
1
2
µναβG˜
αβ
a , (143)
Jmν =
1√
2
(q¯aγ5cac¯bγνqb − q¯aγνcac¯bγ5qb) . (144)
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Table 23: The molecular solutions of the X(3872) with the OPE potential. “×” means no binding solutions, and “−” denotes that the corresponding
component does not exist. Taken from Ref. [241].
Cases Λ (GeV) B.E. (MeV) Mass (MeV) rrms (fm) P1 (%) P2 (%) P3 (%) P4 (%) P5 (%) P6 (%)
I
− − − −
0.80 ∼ 2.0 × − − − −
− − − −
II
1.55 0.32 3871.49 4.97 98.81 1.19 − − − −
1.60 0.92 3870.89 3.51 98.39 1.61 − − − −
1.65 1.90 3869.91 2.56 98.01 1.99 − − − −
1.70 3.31 3868.50 1.99 97.69 2.31 − − − −
1.80 7.70 3864.11 1.36 97.18 2.82 − − − −
III
1.10 0.76 3871.05 3.79 97.82 0.73 − − 1.24 0.20
1.15 2.72 3869.09 2.17 96.15 0.82 − − 2.64 0.40
1.20 6.25 3865.56 1.49 94.26 0.77 − − 4.37 0.60
1.25 11.66 3860.15 1.13 92.20 0.67 − − 6.32 0.81
1.30 19.21 3852.60 0.91 90.05 0.55 − − 8.38 1.02
1.55 95.79 3776.02 0.47 80.68 0.16 − − 17.37 1.80
IV(Phy)
1.15 0.26 3871.55 4.79 85.68 0.22 12.29 0.24 0.36 0.21
1.17 1.03 3870.78 2.99 76.37 0.30 20.27 0.33 2.39 0.35
1.20 2.93 3868.88 1.84 66.18 0.34 28.74 0.36 3.84 0.54
1.25 7.99 3863.82 1.20 56.72 0.32 35.76 0.34 6.08 0.79
1.30 15.36 3856.45 0.93 51.59 0.27 38.61 0.28 8.25 1.01
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Table 24: The molecular solutions of the X(3872) with the OBE potential. “×” means no binding solutions, and “−” denotes that the corresponding
component does not exist. Taken from Ref. [241].
Cases Λ (GeV) B.E. (MeV) Mass (MeV) rrms (fm) P1 (%) P2 (%) P3 (%) P4 (%) P5 (%) P6 (%)
I
1.85 0.21 3871.60 5.36 99.54 0.46 − − − −
1.90 0.53 3871.28 4.32 99.27 0.63 − − − −
1.95 0.96 3870.85 3.48 99.18 0.82 − − − −
2.00 1.51 3870.30 2.88 98.99 1.01 − − − −
II
1.10 0.61 3871.20 4.21 98.82 1.18 − − − −
1.15 2.15 3869.66 2.54 98.27 1.73 − − − −
1.20 4.58 3867.23 1.84 97.28 2.18 − − − −
1.25 7.84 3863.97 1.48 97.40 2.60 − − − −
1.30 11.87 3859.94 1.26 97.01 2.99 − − − −
III
1.00 0.74 3871.07 3.92 98.38 0.79 − − 0.66 0.18
1.10 5.69 3866.12 1.66 96.39 1.07 − − 1.91 0.62
1.15 9.67 3862.14 1.34 95.51 1.12 − − 2.46 0.92
1.20 14.51 3857.30 1.15 94.65 1.15 − − 2.94 1.26
1.25 20.18 3851.63 1.02 93.82 1.17 − − 3.35 1.67
1.30 26.68 3845.13 0.92 92.98 1.18 − − 3.71 2.14
IV(Phy)
1.05 0.30 3871.51 4.76 86.80 0.27 11.77 0.28 0.67 0.20
1.06 0.60 3871.21 3.85 82.83 0.33 15.35 0.34 0.88 0.27
1.08 1.43 3870.38 2.69 75.80 0.41 21.68 0.42 1.28 0.41
1.10 2.53 3869.28 2.09 70.44 0.46 26.46 0.47 1.62 0.54
1.12 3.84 3867.97 1.75 66.40 0.50 30.00 0.51 1.92 0.67
1.15 6.16 3865.65 1.46 62.03 0.53 33.72 0.54 2.31 0.87
1.20 10.83 3860.98 1.19 57.38 0.56 37.42 0.56 2.85 1.23
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Figure 50: (Color online) A summary of the theoretical progresses on the dynamical studies of the DD¯∗ molecular state of the X(3872). Here,
these studies are marked by green and purple backgrounds when the corresponding conclusion of whether the X(3872) is a DD¯∗ molecular state is
positive and negative, respectively.
The parameter σ in Eq. (142) is a mass scale that accounts for the different mass dimensions of the hybrid and
molecular currents. ξ is a dimensionless mixing parameter. The predicted mass increased with the mixing parameter
until it reached a maximum value in agreement with the mass of X(3872).
Lee, Nielsen and Wiedner studied a D∗D¯s molecule with JP = 1+ in Ref. [557]. They proposed such molecule as
a natural generalized state to the strangeness sector of the X(3872). They calculated the two-point correlation function
by keeping the ms proportional term in the OPE series. As an extension, they studied the D0D¯∗0 − D∗0D¯0 molecule
to assign the X(3872) meson by taking ms = 0. They obtained mD∗D¯ = (3.88 ± 0.06) GeV, in agreement with the
experimental value of the X(3872) meson [557]. This result was consistent with the calculations of the D∗D¯ state in
Refs. [506, 430, 432]. In Ref. [558], Lee, Morita and Nielsen extended their discussion to include the total width
by employing the Breit-Wigner function to the pole term, using the same molecular current with that in Ref. [557].
They found that introducing the width slightly modified the predicted mass and resulted in a better reproduction of
the X(3872).
However, the narrow decay width of the X(3872) can not be explained in QCD sum rule if it is a pure four-quark
state [559]. To reproduce the small width of the X(3872), it was considered as a mixture between charmonium and
molecular state with JPC = 1++ in Ref. [560]. They found a small mixing angle 5◦ ≤ θ ≤ 13◦ to reproduce the
parameters mX = (3.77 ± 0.18) GeV and Γ(X → J/ψpi+pi−) = (9.3 ± 6.9) MeV. They concluded that the X(3872) is
approximately 97% a charmonium state with 3% molecule (admixture of 88% D0D¯∗0 and 12% D+D¯∗−). Later, this
configuration was used to study the radiative decay of the X(3872) in Ref. [561]. The authors calculated the three-
point functions for the vertex X(3872)J/ψγ to study the partial decay width of X(3872) → J/ψγ. They obtained the
branching ration Γ(X(3872)→ J/ψγ)/Γ(X(3872)→ J/ψpi+pi−) = 0.19±0.13, which is consistent with the experiment
result for the radiative decay of the X(3872) [75, 86].
Besides the above references, the X(3872) was also studied as a molecular state in Refs. [562, 563, 564, 565, 421,
566].
4.5.2. The axial vector tetraquark state
4.5.2.1. Diquark model. A diquark-antidiquark model was proposed in Ref. [382] by Maiani, Piccinini, Polosa, and
Riquer to explain the X(3872), based on their previous studies on the lightest scalar mesons [567]. We note that this
is the “type-I” diquark-antidiquark model, and the “type-II” diquark-antidiquark model [385] has been reviewed in
Sec. 4.2.2.
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Figure 51: (Color online) The mass spectrum of the X particles. Taken from Ref. [382].
In this model the hadron masses depend on three ingredients: quark composition, constituent quark masses and
spin-spin interactions. The Hamiltonian is
H =
∑
i
mi +
∑
i< j
2κi j(S i · S j) , (145)
where the coefficients κi j depend on the flavor of the constituents i, j and the particular color state of the pair. All these
parameters can be derived from the quark-antiquark mesons and three-quark baryons. Especially, they considered the
“good” diquark having S = 0 and the “bad” diquark having S = 1, whose masses are derived from the light scalar
mesons as well as the X(3872). Using these components, they constructed six [cq][c¯q¯′] states, including two states
with JPC = 0++, one state with JP = 1++, two states with JP = 1+−, and one state with JPC = 2++:
|0++〉 = |0cq, 0c¯q¯′ ; J = 0〉 ,
|0++′〉 = |1cq, 1c¯q¯′ ; J = 0〉 ,
|1++〉 = 1√
2
(
|0cq, 1c¯q¯′ ; J = 1〉 + |1cq, 0c¯q¯′ ; J = 1〉
)
, (146)
|1+−〉 = 1√
2
(
|0cq, 1c¯q¯′ ; J = 1〉 − |1cq, 0c¯q¯′ ; J = 1〉
)
,
|1+−′〉 = |1cq, 1c¯q¯′ ; J = 1〉 ,
|2+−′〉 = |1cq, 1c¯q¯′ ; J = 2〉 .
The authors used the 1++ state to fit the X(3872), and calculated masses of the other five states as well as masses of
the six [cq][s¯q¯′] states, as shown in Fig. 51. They also studied the isospin breaking effects, and predicted that the
X(3872) was made of two components with a mass difference related to mu − md and discussed the production of the
X(3872) and of its charged partner X± in the weak decays of B+,0 [568]. This idea was further developed in Ref. [569]
by Maiani, Polosa, and Riquer, where they proposed four states: Xu = [cu][c¯u¯], Xd = [cd][c¯d¯], X+ = [cu][c¯d¯],
and X− = [cd][c¯u¯], and used Xu and Xd to explain the mass difference between the X(3872) state decaying into
J/ψpi+pi− [63, 90] and the one decaying into D0D¯0pi0 [68]. The quantum numbers of the X(3872), both JPC = 2−+ and
1++, were discussed by Burns, Piccinini, Polosa, and Sabelli in Ref. [570]. According to the prediction for the charged
partner of the X(3872) in Ref. [569], BaBar carried out a careful search for them in the B → X−K, X− → J/ψpi−pi0
[571]. However, the charged partners of the X(3872) have not been observed in experiment.
The diquark-antidiquark picture was later used to calculate the masses of heavy tetraquarks by Ebert, Faustov
and Galkin in the relativistic quark model in Ref. [572]. They also found that the X(3872) can be the neutral charm
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tetraquark state, and concluded that one more neutral and two charged tetraquark states must exist with close masses.
Similar conclusions were obtained in Ref. [573] by Terasaki that the X(3872) consists of two iso-singlet tetra-quark
mesons, X± ∼ [cn](c¯n¯) ± (cn)[c¯n¯]I=0, with opposite G parities. Here the parentheses and the square brackets denote
symmetry and anti-symmetry, respectively, of the wave function under the exchange of flavors between them.
4.5.2.2. QCD sum rule. Using the diquark-antidiquark configuration, Chen and Zhu studied the hidden-charm tetraquark
systems with JPC = 1++ in the QCD sum rules in a systematical way [442]. The constructed all charmonium-like
tetraquark interpolating currents with quantum numbers JPC = 1++ without derivative operators [442, 344, 574]
J1µ = qTa CQb(q¯aγµγ5CQ¯
T
b + q¯bγµγ5CQ¯
T
a ) + q
T
a Cγµγ5Qb(q¯aCQ¯
T
b + q¯bCQ¯
T
a ) ,
J2µ = qTa CQb(q¯aγµγ5CQ¯
T
b − q¯bγµγ5CQ¯Ta ) + qTa Cγµγ5Qb(q¯aCQ¯Tb − q¯bCQ¯Ta ) ,
J3µ = qTa Cγ5Qb(q¯aγµCQ¯
T
b + q¯bγµCQ¯
T
a ) + q
T
a CγµQb(q¯aγ5CQ¯
T
b + q¯bγ5CQ¯
T
a ) ,
J4µ = qTa Cγ5Qb(q¯aγµCQ¯
T
b − q¯bγµCQ¯Ta ) + qTa CγµQb(q¯aγ5CQ¯Tb − q¯bγ5CQ¯Ta ) ,
J5µ = qTa Cγ
νQb(q¯aσµνγ5CQ¯Tb + q¯bσµνγ5CQ¯
T
a ) + q
T
a Cσµνγ5Qb(q¯aγ
νCQ¯Tb + q¯bγ
νCQ¯Ta ) ,
J6µ = qTa Cγ
νQb(q¯aσµνγ5CQ¯Tb − q¯bσµνγ5CQ¯Ta ) + qTa Cσµνγ5Qb(q¯aγνCQ¯Tb − q¯bγνCQ¯Ta ) ,
J7µ = qTa Cγ
νγ5Qb(q¯aσµνCQ¯Tb + q¯bσµνCQ¯
T
a ) + q
T
a CσµνQb(q¯aγ
νγ5CQ¯Tb + q¯bγ
νγ5CQ¯Ta ) ,
J8µ = qTa Cγ
νγ5Qb(q¯aσµνCQ¯Tb − q¯bσµνCQ¯Ta ) + qTa CσµνQb(q¯aγνγ5CQ¯Tb − q¯bγνγ5CQ¯Ta ) ,
(147)
where q the represents up or down quark and Q the charm quark. The color structures are symmetric 6 ⊗ 6¯ for
the currents J1, J3, J5, J7 and antisymmetric 3¯ ⊗ 3 for the currents J2, J4, J6, J8. As shown in Eq. (124), all these
interpolating currents in Eq. (147) can couple to both isotriplet and isosinglet hadron states.
Using these interpolating currents, the authors obtained the mass spectra of the charmonium-like and bottomonium-
like tetraquark states with JPC = 1++ in Table 25. The hidden-strange tetraquark states were also studied. Using the
current J4µ in Eq. (147), the mass of the qcq¯c¯ tetraquark state was extracted as mX = (4.03± 0.11) GeV, slightly above
the mass of the X(3872). The interpolating current J4µ was also used to study the X(3872) as a tetraquark state in
Refs. [575, 576], where the extracted hadron masses were consistent with the result in Table 25.
Table 25: Mass spectra for the JPC = 1++ charmonium-like and bottomonium-like tetraquark states in diquark-antidiquark configuration [442].
Current s0 (GeV2) Borel window (GeV2) mX (GeV) PC (%)
qcq¯c¯
J3µ 4.62 3.0 − 3.4 4.19 ± 0.10 47.3
J4µ 4.52 3.0 − 3.3 4.03 ± 0.11 46.8
qbq¯b¯
J3µ 10.92 8.5 − 9.5 10.32 ± 0.09 47.0
J4µ 10.82 8.5 − 9.2 10.22 ± 0.11 44.6
J7µ 10.72 7.8 − 8.4 10.14 ± 0.10 44.8
J8µ 10.72 7.8 − 8.4 10.14 ± 0.09 44.8
4.5.2.3. Chromomagnetic interaction. The chromomagnetic interaction
H =
∑
i
mi + HCM =
∑
i
mi −
∑
i> j
vi j~λi · ~λ j~σi · ~σ j , (148)
was also applied to study the X(3872) in Refs. [577, 578, 579]. In Ref. [577], Hogaasen, Richard, and Sorba found that
the chromomagnetic interaction, with proper account for flavour-symmetry breaking, can be used to explain the mass
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and coupling properties of the X(3872) resonance as a JPC = 1++ state consisting of a heavy quark-antiquark pair and
a light one. This study was extended to study the S-wave configurations containing two quarks and two antiquarks in
Ref. [579] by Buccella, Hogaasen, Richard, and Sorba, where they investigated light, charmed, charmed and strange,
hidden-charm and double-charm mesons, as well as their analogues with bottom quarks. In Ref. [578], Cui, Chen,
Deng, and Zhu performed a schematic study of the masses of possible heavy tetraquarks using the chromomagnetic
interaction with the flavor symmetry breaking corrections, and they found that the chromomagnetic interaction is
repulsive for the 2+ heavy tetraquarks, while the 0+ qcq¯c¯ states will also exist if the X(3872) is a 1+ tetraquark.
4.5.2.4. Constituent quark model. However, in Ref. [580], Vijande, Weissman, Barnea, and Valcarce studied the
four-quark system cc¯qq¯ in the framework of the constituent quark model. They solved the four-body Schro¨dinger
equation by means of the hyperspherical harmonic formalism using different types of quark-quark potentials, and
ruled out the possibility that the X(3872) is a compact tetraquark system, unless additional correlations, either in the
form of diquarks or at the level of the interacting potential, not considered in simple quark models do contribute.
4.5.3. Radial excitation of the axial vector charmonium
4.5.3.1. Quark model. There are lots of discussions on the interpretation of the X(3872) as a P-wave charmonium
state [581, 582, 583, 584, 585, 586, 587, 588, 589, 590, 591, 592, 593, 594, 595]. But there exist two major difficulties:
(1) the mass of the X(3872) is significantly lower than the predictions of quark models, for example, see Fig. 52
obtained using the GI model [17]; (2) the large isospin violation in the X(3872) → J/ψρ decay was observed in
Refs. [75, 90], as shown in Eqs. (10) and (11) in Sec. 2.1.1.1. One natural speculation is that the X(3872) may not
be a pure χ′c1(2P) charmonium state. Instead, the X(3872) may be a mixture of the bare cc¯ charmonium state and the
DD¯∗ molecule component. In other words, the coupled channel effect may play a very important role in the case of
the X(3872).
Comparing the mass spectrum of charmonium states calculated by the GI model [17] with the current experimental
data [1] (see Fig. 52), one quickly notices that the charmonium states below 3.9 GeV (or the thresholds of the charmed
meson pair) can be produced reasonably well by the GI model. However, many XYZ states above 3.9 GeV can not
be simply categorized into the charmonium family, especially when they are close to the thresholds of the charmed
meson pair, where the coupled-channel effects become important.
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Figure 52: (Color online) The comparison between the result from the GI model [17] and the experimental data [1] for charmonium family.
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4.5.3.2. Coupled channel effects. Kalashnikova employed the simplest version of the coupled-channel model to study
the charmonium mass spectrum [596]. First he calculated the mass of the bare 23P1 state to be 4180 MeV, using a
simple potential model with Hamiltonian H0 = p2/mc + V(r) + C with V(r) = δr − 4αs/(3r). Then he considered
the coupling of this state to the DD¯∗ channel. Together with the 1++ resonance with the mass of 3990 MeV, a near-
threshold virtual state with the width about 0.3 MeV was generated, and may be identified with the X(3872).
In Ref. [597], Zhang, Meng, Zheng used the coupled-channel Flatte´ formula to perform an analysis of the Belle
data on the X(3872) [78]. They found the co-existence of two poles: one is a sheet II (or sheet IV) pole very close to
the D∗0D¯0 threshold, and the other one is a sheet III pole below the D∗0D¯0 threshold. They pointed out that the X(3872)
can be a conventional 23P1 cc¯ state strongly polluted by coupled channel effects since there exist two poles around
the D0D¯∗0 threshold. They also analyzed the data from BaBar [87]. But as suggested in Ref. [598] by Kalashnikova
and Nefediev, the description was not very satisfactory, reflecting incompatibility of the Belle and BaBar data.
In Ref. [598], Kalashnikova and Nefediev analyzed the same data from Belle [78] and BaBar [87]. They found
that the BaBar data [87] is more compatible with the assumption of the X(3872) being a virtual state of a dynamical
nature in the DD¯∗ system, and the charmonium admixture is small. In contrast, they found that the Belle data [78]
clearly indicated a sizeable cc¯ 23P1 component in the X(3872) wave function, which conclusion is similar to that in
Ref. [597]. The conclusion in Ref. [597] was partly supported by the coupled-channel analysis of the X(3872) in Ref.
[599], where Danilkin and Simonov adopted a coupled-channel model developed in Ref. [600] to carry out a pole
analysis and the calculation of the DD¯∗ production cross section. They obtained a sharp peak structure at the D0D∗0
threshold, where the original position of 3954 MeV for the 23P1 cc¯ state was shifted by the coupled-channel effect
from the DD¯∗ channel [599].
In Ref. [601], Li and Chao studied the higher charmonia with the screened potential. One notes that the screened
potential and the coupled-channel model roughly play the same role in lowering the mass of the χ′c1(2P) charmonium
state, which can reach 3901 MeV and is close to the mass of the X(3872) [602].
The nature of the X(3872) enhancement was analyzed in the framework of the resonance-spectrum expansion
in Ref. [603] by Coito, Rupp, and Beveren. They studied the X(3872) as a regular JPC = 1++ charmonium state,
though strongly influenced and shifted by the open-charm decay channels, and found a very delicate interplay among
the D0D¯∗0, ρ0J/ψ, and ωJ/ψ channels. Their results suggested that the X(3872) is a very narrow axial-vector cc¯
resonance, with a pole at or slightly below the D0D¯∗0 threshold. Later in Ref. [604], Coito, Rupp, and Beveren studied
the X(3872) as a confined 3P1 cc¯ state coupling to the almost unbound S -wave D0D¯∗0 channel via the 3P0 mechanism.
They calculated the two-component wave function for different values of the binding energy and the transition radius
a, and found a significant cc¯ component. In the case of a small binding energy of 0.16 MeV and a between 2 and 3
GeV−1, the cc¯ probability can be strongly limited to be roughly around 7-11%. Then the X(3872) r.m.s. radius and
the S -wave D0D¯∗0 scattering length are 7.8 fm and 11.6 fm, respectively. Hence, they concluded that the X(3872) is
not a genuine meson-meson molecule, nor actually any other mesonic system with non-exotic quantum numbers, due
to the inevitable mixing with the corresponding quark-antiquark states.
4.5.4. Lattice QCD
In Ref. [605], the TWQCD Collaboration used a molecular type operator composed of the D and D¯∗, (q¯γic)(c¯γ5q)−
(c¯γiq)(q¯γ5c), and detected a 1++ resonance with a mass around 3890 ± 30 MeV in quenched lattice QCD simulation
with exact chiral symmetry, which was identified as the X(3872). They also used a diquark-antidiquark operator,
(qT Cγic)(q¯Cγ5c¯T )− (q¯T Cγic¯)(qCγ5cT ), and detected the same resonance. Later in Ref. [606], this study was extended
to the mass spectrum of the 1+ exotic mesons with quark content (csc¯q¯)/(cqc¯s¯), and they detected a 1+ resonance with
mass around 4010 ± 50 MeV.
The lattice QCD simulation was also applied to study the X(3872) as a charmonium state. In Ref. [607] the Hadron
Spectrum Collaboration studied the highly excited charmonium mesons up to around 4.5 GeV using dynamical QCD
configurations. They found that the D-wave 2−+ charmonium state is around 30 MeV below the X(3872), while
the first radial excitation of the P-wave 1++ state is around 110 MeV above the X(3872). In Ref. [608] the CLQCD
Collaboration also studied the 2−+ charmonium in quenched lattice QCD, and its mass was determined to be 3.80±0.03
GeV, which is close to the mass of the D-wave charmonium ψ(3770) and in agreement with quark model predictions,
but again significantly smaller than the mass of the X(3872).
Many dynamical studies suggested that the D and D∗ interaction is strongly attractive [197, 543, 548, 220, 549,
226, 223, 205, 241, 243]. Hence, a pure χ′c1(2P) with J
PC = 1++ can easily couple to the S -wave DD¯∗ scattering
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state if their masses are similar. Moreover, their mixture can result in a small mass [548, 609], which value can be
significantly lower than the mass of the pure χ′c1(2P) state predicted in the GI model [17], but close to the mass of the
X(3872).
This picture was supported by the lattice QCD calculations [555, 610]. In Ref. [555], Prelovsek and Leskovec
found a candidate for the X(3872) using dynamical N f = 2 lattice simulation with JPC = 1++ and I = 0, in addition to
the nearby DD¯∗ and J/ψω discrete scattering states. In their simulation, they chose the interpolating fields that couple
to c¯c as well as the scattering states, i.e., Oc¯c, ODD∗ , OJ/ψω (for I = 0), and OJ/ψρ (for I = 1). They extracted large and
negative DD¯∗ scattering length, aDD∗0 = −1.7 ± 0.4 fm, and the effective range, rDD
∗
0 = 0.5 ± 0.1 fm. They did not find
a candidate for the X(3872) in the I = 1 channel, which may be due to the exact isospin symmetry in their simulation.
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Figure 53: (Color online) The spectra of states with JPC = 1++ for the cases with u/d valence quarks, taken from Ref. [610]. From the left to the
right: a) physical thresholds and possible experimental candidates, including the χc1, X(3872), and X(3940); b) the discrete spectrum determined
from the optimized basis of Ref. [610], including the c¯c, two-meson and diquark-antidiquark operators; c) the spectrum obtained from the optimized
basis, without the two-meson operators; d) the spectrum obtained from the optimized basis, without one of the two-meson operators, OMM17 ; e) the
spectrum obtained from the optimized basis, without c¯c and OMM17 operators; f) the spectrum obtained with only c¯c operators.
This study was extended in Ref. [610] by Padmanath, Lang, and Prelovsek, where a large basis of interpolating
fields was utilized, including c¯c, two-meson and diquark-antidiquark ones. The obtained discrete spectrum are shown
in Fig. 53. Again they found a lattice candidate for the X(3872) with JPC = 1++ and I = 0, but only if both c¯c and
DD¯∗ interpolators are included. However, this candidate can not be found if the diquark-antidiquark and DD¯∗ are
used in the absence of c¯c. Moreover, no candidate for the neutral or charged X(3872), or any other exotic candidates
are found in the I = 1 channel, and no signatures of the exotic c¯cs¯s candidates are found below 4.2 GeV. In other
words, the most recent dynamical lattice QCD simulation strongly disfavors either the diquark-antidiquark or various
four-quark interpretations of the X(3872).
This dynamical lattice QCD simulation was performed with N f = 2 and mpi = 266 MeV. The pion mass on the
lattice is still much larger than its physical mass 140 MeV. Within the molecular scheme, the long range one-pion-
exchange force plays a dominant role in the formation of the loosely bound molecular state [241, 243], which decays
exponentially as the pion mass increases. The present lattice simulation with the pion mass mpi = 266 MeV is still
unable to explore and judge whether the X(3872) is a molecular state or not.
4.5.5. Other theoretical schemes, production and decay patterns
4.5.5.1. Other schemes. There exist some other theoretical schemes. The X(3872) was interpreted as a cc¯g hybrid
state [611], a vector glueball mixed with the neighboring vector charmonium [612], and a dynamically generated
mixed state of a DD∗ molecule and χc1(2P) [613] etc. Whether the X(3872) is due to the cusp effect and threshold
effect was discussed in Refs. [614, 615, 616, 519, 400, 617]. Since the X(3872) is very close to the D∗0D¯0 threshold,
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the rescattering effects of the D and D∗ mesons were studied in Refs. [618, 619, 620, 621, 622], and the influence of
thresholds was studied in Ref. [623]. Constraints from precision measurements on the hadron-molecule interpretation
of XYZ resonances were discussed in Ref. [624].
The chiral unitary approach in coupled channels was applied to study the X(3872) in Refs. [625, 626, 627, 210,
628], where they found that the charged components of the DD¯∗ play an important role in describing the ratio of its
decay to J/ψρ and J/ψω. The X(3872) was also investigated using the AdS/QCD in Ref. [629], and a simple string
model in Ref. [630]. An effective field theory, called XEFT, was proposed in Refs. [631, 632, 633, 634, 635] to study
the X(3872) as a loosely-bound charm-meson molecule. A dynamical picture to explain the nature of the exotic XYZ
states was proposed in Ref. [394] based on a diquark-antidiquark open-string configuration, while the three-body DD¯pi
dynamics for the X(3872) was investigated in Refs. [636, 637]. The selection rules for hadronic transitions between
QQ¯ mesons were investigated in Refs. [638, 639] based on Born-Oppenheimer potentials, and the Born-Oppenheimer
approximation was also used in Ref. [640] to study the four-quark bound states.
Heavy quark spin selection rule and power counting schemes were investigated in Refs. [641, 441, 642, 643]. Line
shapes of the X(3872) were studied in Refs. [644, 645, 646, 647, 648]. The lattice QCD simulation and related studies
can be found in Refs. [649, 650, 651, 652]. The analogous states of the X(3872), such as Xb involving b quarks, were
investigated in Refs. [653, 654, 655, 656, 657, 658, 659, 660, 661, 662, 663].
4.5.5.2. Decay. Voloshin pointed out in Ref. [664] that the internal structure of the X(3872) can be studied by mea-
suring the rate and the spectra in the decays X(3872) → D0D¯0pi0 and X(3872) → D0D¯0γ. The hadronic transitions
from the X(3872) to χcJ were investigated in Refs. [665, 666, 667, 668], which can also be used to test different theo-
retical proposals related to the X(3872). Later, various methods/models were applied to study the radiative transitions
of the X(3872) such as ψ(4160) → γX(3872), X(3872) → γJ/ψ(ψ′), X(3872) → D0D¯0γ [669, 670, 671, 672, 673,
674, 675, 676, 677], which may play a fundamental role in the determination of the nature of the X(3872).
The isospin-violating branching fraction observed by Belle [75] and BaBar [90] experiments (see Eqs. (10)-
(11)) are very interesting. The related two-pion and three-pion decays, X(3872) → J/ψρ(→ pi+pi−) and X(3872) →
J/ψω(→ pi+pi−pi0), were studied in Refs. [678, 679, 680, 681, 682, 683, 684]. The D0D¯0pi0 mode was studied in
Refs. [685, 686, 687, 547]. The DD¯∗ molecular state assignment to the X(3872) not only answers why the X(3872) is
close to the D0D∗0 threshold, but also explains its isospin violating in the J/ψρ decay mode [197, 219, 241].
The ratio of B(X(3872) → ψ′γ) to B(X(3872) → J/ψγ) was measured to be 3.4 ± 1.4 [89] and 2.46 ± 0.64 ±
0.29 [92]. Under the molecule picture, several groups studied the above ratio [688, 689]. In Refs. [690, 688], Dong
et al. studied the γJ/ψ and γψ′ decay modes of the X(3872) using a phenomenological Lagrangian approach. They
noticed that a nontrivial interplay between a possible charmonium and the molecular components in the X(3872) can
explain the ratio of B(X(3872) → ψ′γ) with respect to B(X(3872) → J/ψγ). In Ref. [689], Guo et al. studied the
radiative decays of the X(3872) into γJ/ψ and γψ′ using an effective field theory. Their results also suggested that
their experimental ratio [89, 92] is not in conflict with the hadronic molecular picture that the X(3872) is dominated
by the DD¯∗ component.
The ratio ofB(X(3872)→ γJ/ψ) with respect toB(X(3872)→ J/ψpi+pi−) was measured to be 0.14±0.05 [75] and
0.33±0.12 [89]. This ratio also encodes important information on the underlying structure of the X(3872), which was
reexamined using a phenomenological Lagrangian approach in Refs. [690, 688]. This ratio was explained using the
molecular components in the X(3872). Moreover, the authors noticed that this ratio suggests that the cc¯ component
plays a subleading role only [690, 688]. The DD¯∗ picture was also used in Ref. [691] to evaluate this radiative decay
together with the J/ψρ and J/ψω decay channels. The ratios were found to be compatible with experiment and the
relevance of the charged DD¯∗ components was assessed to obtain the correct ratios.
Li and Chao considered the X(3872) as a χ′c1(2P) charmonium with the mixture of the DD¯
∗ channel [601]. The
isospin violating decay process, X(3872) → J/ψρ(→ pi+pi−), can happen through final state interactions with the
intermediate DD¯∗ loop [692]. With this mechanism, the ratio Rρ/ω ≡ Γ(X(3872)→J/ψρ)Γ(X(3872)→J/ψω) ' 1 [693]. With the screening
potential, the ratio of B(X(3872) → ψ′γ) to B(X(3872) → J/ψγ) was 1.3 − 6.0 [601], which is consistent with the
present experimental data [89, 92].
4.5.5.3. Production. The production of the X(3872) in B meson decays was also studied in Refs. [694, 695, 696, 697,
698]. Its production in the charmonia radiative decays was studied in Ref. [699]. Its production in e+e− annihilations
was studied in Refs. [700, 701, 702]. Its production in high energy heavy ion collisions was studied in Ref. [703].
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Its hadronic effects in heavy ion collisions were studied in Ref. [704]. Its production at PANDA was studied in
Refs. [705, 706]. Its production at the Tevatron and LHC was studied in Refs. [707, 708, 709]. Its production at CDF
was studied in Ref. [710].
Braaten and Kusunoki [711] found that the branching ratio of B0 → X(3872)K0 is one order of magnitude smaller
than that of B+ → X(3872)K+ assuming the X(3872) as a DD¯∗ molecular state. However, the ratio of B(B0 →
K0X(3872)) to B(B+ → K+X(3872)) was measured to be 0.82 ± 0.22 ± 0.05 [77], 1.26 ± 0.65 ± 0.06 [78], and
0.50±0.14±0.04 [80]. This difference was reexamined in their later work [646], which investigated line shapes of the
X(3872). They pointed out that the prediction of Ref. [711] was based on the current-current approximation and heavy
quark symmetry, and a conceptual error was identified as the implicit assumption that the scattering parameters γ0
and γ1 are small compared to κ1(0). Actually, they suggested that γ0 and γ1 could be determined phenomenologically
from ratios of rates for B0 → K0X(3872) and B+ → K+X(3872).
Table 26: Integrated cross sections for pp/ p¯ → X(3872), in units of nb. The results of Ref. [658] were obtained using Herwig and Pythia, which
are written outside and inside brackets, respectively.
σ(pp/pp¯→ X(3872)) Experiment Ref. [708] Ref. [707] Ref. [658] Ref. [658]
with Λ = 0.5 GeV with Λ = 1 GeV
Tevatron 37–115 [712, 658] < 0.085 1.5–23 10(7) 47(33)
LHC with
√
s = 7 TeV 13–39 [73, 658] – 45–100 16(7) 72(32)
In Ref. [658], Guo, Meissner, Wang, and Yang used the Monte Carlo event generator tools Pythia and Herwig to
simulate the production of bottom/charm meson and antimeson pairs at hadron colliders in proton-proton/antiproton
collisions, and then derived an order-of-magnitude estimate for the production cross sections of the X(3872) as a DD¯∗
molecular state at the LHC and Tevatron experiments. Their results are consistent with the experimental measure-
ment by the CDF [712] and CMS [73] collaborations, which are shown in Table 26 together with the predictions of
Refs. [708, 707]. They also simulated the production of the bottom analogues and the spin partner of the X(3872),
including Xb of 1++, and Xb2 and Xc2 of 2++. They found that the cross sections are at the nb level for the Xb and Xb2,
which are two orders of magnitude larger than that for the Xc2. They also proposed a search for these states at the
Tevatron and LHC.
In Ref. [609], Meng, Gao, and Chao treated charmonia as nonrelativistic bound states in QCD factorization and
obtained B(B0 → K0X(3872)) = B(B+ → K+X(3872)) ≈ 2 × 10−4, which might imply that the X(3872) contains a
dominant JPC = 1++(2P) cc¯ component and a substantial D0D¯∗0 continuum component.
Especially, the production rate of the X(3872) is comparable to that of ψ′ at hadron colliders [67, 708, 73], which
may also imply a cc¯ core within the X(3872). In Ref. [713], Meng, Han, and Chao assumed that the short distance
production of the X(3872) proceeds dominantly through its χ′c1 component, and evaluated its production cross sections
at Tevatron and LHC at NLO in αs within the framework of NRQCD factorization. The results are shown in Fig. 54.
They fit the CMS experimental data [73] and obtained the ratio r = m2c〈Oχ′c1 (3S [8]1 )〉/〈Oχ
′
c1 (3P[1]1 )〉 = 0.26 ± 0.07,
which is almost the same with that for χc1 [714]. With this input, the authors were able to account for the CDF
data [67, 708]. The fit of the production cross section of the X(3872) at hadron colliders leads to the same value of
k = Zcc¯ · B(X(3872)→ J/ψpi+pi−) constrained by the B meson decay data [1].
In Ref. [589], Butenschoen, He, and Kniehl studied the inclusive hadroproduction of the χc1(2P) within the fac-
torization formalism of nonrelativistic QCD at the next-to-leading order. They tested the hypothesis that the X(3872)
is a pure χc1(2P) charmonium state using the data from the CDF [67, 712], CMS [73], and LHCb [91] collaborations.
The authors concluded that NLO NRQCD is inconsistent with the hypothesis X(3872) ≡ χc1(2P), because they either
obtained an unacceptably high value of χ2, a value of |R′2P(0)| incompatible with well-established potential models, or
an intolerable violation of the NRQCD velocity rules.
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Figure 54: (Color online) The fit of the CMS pT distribution data [73]. Taken from Ref. [713].
4.5.6. A short summary
The X(3872) is the first observed charmonium-like state in the XYZ family. It’s very interesting to quote the
prediction which Swanson wrote in 2003 [197]: “Thus the discovery of the X(3872) may be the entre´e into a new
regime of hadronic physics which will offer important insight into the workings of strong QCD and should help clarify
many open issues in light quark spectroscopy.”
• The dynamical lattice QCD simulation with hidden-charm tetraquark operators and mpi = 266 MeV is unable to
reproduce the X(3872) signal on the lattice [610]. Moreover, if it is a tetraquark state, the X(3872) will always
be accompanied with several charged partners having similar masses, which have not been observed in the B
meson decays and other experiments.
• The X(3872) is extremely close to the D0D∗0 threshold. Its J/ψρ decay mode is isospin violating. All these
features can be naturally explained by the molecular assignment of the X(3872) as an S-wave DD¯∗ bound
state. In fact, there exists enough attraction in the isoscalar DD¯∗ system to form a shallow bound state. Within
the molecular scheme, both the decay and production behaviors can be accounted for naturally. The charged
components of the DD¯∗ play an important role in describing the ratio of decay to J/ψρ and J/ψω [625, 626,
627, 210, 628].
• The existence of the X(3872) as a shallow bound state is extremely sensitive to the one-pion-exchange force,
which decreases exponentially as the pion mass increases. It will be very desirable to perform a dynamical
lattice QCD simulation with (1) the DD¯∗ interpolators only, (2) explicit isospin violation and (3) the pion mass
around 140 MeV.
• The assignment of the X(3872) as χ′c1 is also feasible if there exist strong coupled channel effects between the
bare cc¯ state in the quark model and the D¯D∗ scattering state, which helps to lower the mass of the bare cc¯ state
and explain the isospin violating decay mode. In fact, a lattice candidate for the X(3872) with JPC = 1++ and
I = 0 was found only if both c¯c and DD¯∗ interpolators are included [610]. As a mixture of cc¯ and D¯D∗, the
large ψ′γ decay ratio of the X(3872) and its large production rate at hadron colliders can be understood easily.
• The extreme proximity of the X(3872) to the DD¯∗ threshold requires a large DD¯∗ component in its wave func-
tion. Otherwise, such proximity seems too accidental to be convincing.
• If the X(3872) turns out to be a mixture of the JPC = 1++(2P) cc¯ component and a substantial D0D¯∗0 continuum
component, one may expect the existence of another X(3872)-like state. The flavor wave function of this state is
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orthogonal to that of the X(3872). Its mass may be higher than 3872 MeV and has the same quantum numbers
as the χ′c1. This state may be quite broad due to the existence of the open-charm decay modes. In other words,
the X(3872) may be more molecule-like while the other state is more cc¯-like.
• The experimental identification of the χ′c1 state is extremely important, which shall shed light not only on the
X(3872) but also on the cc¯(2P) states.
4.6. Y(4260)
The Y(4260), which has been reviewed in Sec. 2.1.2.1, also attracted great attentions from both experimentalists
and theorists. However, its nature is still controversial. In the following, we mainly focus on several major theoretical
aspects of the Y(4260), i.e., the hybrid charmonium, the vector tetraquark state, the molecular state and non-resonant
explanation.
4.6.1. Is Y(4260) a higher charmonium?
Since the Y(4260) is directly produced from the e+e− annihilation process, its spin-parity quantum number must
be JPC = 1−−, which is consistent with that of a vector charmonium state. Thus, theorists tried to categorize it into the
vector charmonium family. Different pictures were proposed, such as the 3D (33D1) and the 4S (43S 1) charmonium
states, and so on.
In Ref. [715], Llanes-Estrada endorsed the Y(4260) as the ψ(4260), corresponding to the 4S vector charmonium
state, where the S-D wave interference was used to explain the lack of a signal in e+e− annihilations. They also
suggested some avenues that can exclude exotic meson assignments. In Ref. [716], Zhang studied the charmonium
spectrum by combining the linearity and parallelism of the Regge trajectories with a hyperfine splitting relation in
multiplet, and interpreted the Y(4260) as the 33D1 charmonium state. In Ref. [601], Li and Chao calculated the
masses, electromagnetic decays, and E1 transitions of charmonium states in the screened potential model. In their
model, the mass of the ψ(4S ) was predicted to be 4273 MeV, which is roughly compatible with the observed masses
of the Y(4260). In Ref. [717], Shah, Parmar, and Vinodkumar studied the masses of the S-wave quarkonia based on
the Martin-like potential. They also found that the Y(4260) can be interpreted as the 4S charmonium state.
However, in Ref. [718], Eichten, Lane, and Quigg refined the Cornell coupled-channel model for the coupling
of the cc¯ levels to two-meson states in light of new experimental information. Especially, they calculated the decay
behavior of the 23D1 charmonium state and excluded this assignment of the Y(4260). In Ref. [719], Segovia, Yasser,
Entem, and Fernandez studied the energy spectrum, electromagnetic, and strong decays of the JPC = 1−− hidden
charm resonances in a constituent quark model, in order to assert if they are cc¯ states or more complicated structures.
They found that the new Y(4360) state can be identified as the 4S state and the ψ(4415) as the 3D state. However,
they found that the Y(4260) cannot be categorized into the charmonium family.
In Ref. [720], Dai, Shi, Tang, and Zheng studied the property of the Y(4260) resonance by re-analyzing the
experimental data till March 2015. They took into account the final state interactions of the pipi and KK¯ couple
channels, and found a sizable coupling between the Y(4260) and the ωχc0. They found two nearby poles in the
Y(4260) propagator, indicating that the Y(4260) is most likely a confining state. They argued that the small value
of Γe+e− is consistent with the hybrid scenario, and also consistent with the explanation that the Y(4260) is the 3D
charmonium state. However, the difficulty of the 3D explanation comes from the role of the X(4160), which is
considered as a good candidate of the 3D charmonium state in quark model.
The resonant parameters of the Y(4260) listed in Table 6 show that it has a large width. Under the higher char-
monium assignment, the open-charm decays of the Y(4260) are probably dominant. However, the Y(4260) was only
observed in its hidden-charm decay mode J/ψpi+pi−, but missing in any open-charm decay mode (see Fig. 55). In fact,
the non-observation of the Y(4260) in the open-charm modes is challenging for all theoretical interpretations.
In addition, the R value scan (the ratio of σ(e+e− → hadrons) and σ(e+e− → µ+µ−)) is applied to identify vector
resonances like ρ, ω, φ, and J/ψ. However, one cannot find an enhancement structure corresponding to the Y(4260)
from the R value scan (see Fig. 56).
4.6.2. The hybrid charmonium
Among various assignments, the hybrid charmonium configuration is particularly interesting. After its observation
in 2005, the author of Ref. [722] proposed the hybrid charmonium interpretation of the Y(4260). He discussed several
99
BELLE
BELLE
BELLE
BELLE
*
-
σ
(D
D
) 
(n
b
)
+
*
*
-
σ
(D
D
) 
(n
b
)
+
σ
(D
D
) 
(n
b
)
* 2
σ
(D
D
) 
(n
b
)
cmE  (GeV)

















     
G
H
I
J
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possible structures of the Y(4260) meson with JPC = 1−− as a conventional cc¯ state, couple-channel effect, hadron
molecule, tetraquark state, glueball and charmonium hybrid. The main points are summarized below [722]
• The Y(4260) does not look like a conventional cc¯ state with JPC = 1−−. In PDG [1], the 1−− radially ex-
cited S-wave states ψ(2S ), ψ(3S ), ψ(4S ) and D-wave state ψ(2D) were established to be ψ′, ψ(4040), ψ(4415)
and ψ(4160) respectively. The ψ(3D) and ψ(5S ) were predicted above 4.5 GeV in quark model. It is nearly
impossible to accommodate Y(4260) as a conventional charmonium state.
• It is very difficult to shift the mass of the ψ(3D) from above 4.5 GeV down to 4.26 GeV by the couple-channel
effects. As indicated in Ref. [117], the couple-channel effects of the open-charm thresholds can only cause
around tens MeV mass shift of the cc¯ state, which is too small compared with the mass difference between the
ψ(3D) and the Y(4260) meson.
• The Y(4260) seems not a hadronic molecule. Its quantum number JPC = 1−− excludes the possibility of the
D¯sDs0(2317) molecule, which is only 26 MeV above the Y(4260) meson. The total decay width of the Y(4260)
disfavors the assignments of the D¯D1, D¯D′1, D¯0D
∗ and D¯∗D′1 molecules.
• The JPC = 1−− glueball is disfavored by its distinct decay patterns. If it is a glueball, the Y(4260) meson should
mainly decay into multiple light mesons due to the large phase space. However, it was observed in the decay
mode J/ψpi+pi−.
• The tetraquark hypothesis is also not favored by the not-so-large total width of the Y(4260) meson and the
absence of the open-charm DD¯ decay mode. The charmonium-like tetraquark states can easily decay into DD¯
final state via the so called “fall-apart” mechanism. The decay width of such modes would be expected to be
more than several hundreds MeV due to the big phase space. This is in conflict with total width 80 − 130 MeV
of the Y(4260) meson, as shown in Table 6. To completely exclude the tetraquark possibility, Zhu suggested to
search for the isovector partner of Y(4260).
• The charmonium hybrid interpretation of the Y(4260) is strongly favored by the experimental data. As a hybrid
meson, its two S-wave meson decay modes are suppressed according to QCD sum rule calculations [723, 724]
and flux tube model analysis [725, 726]. Instead the final states with one S-wave meson and one P-wave meson
are potentially important. Such a decay pattern is consistent with the experimental data of the Y(4260) meson, in
which the open-charm DD¯ decay mode was not observed. The decay mode Y(4260)→ ω+χc0,1,2 → 3pi+χc0,1,2
was suggested to be important in the charmonium hybrid configuration [722].
As a result, the author of Ref. [722] excluded the possibility of the Y(4260) being a conventional cc¯ state, a molecule,
a glueball and a tetraquark state and concluded that the Y(4260) meson was a good candidate of the charmonium
hybrid state.
Kou and Pene supported this charmonium hybrid interpretation with several important dynamical arguments in
Ref. [727]. They proposed that the Y(4260) was a 1−− charmonium hybrid state (HB) containing a pseudoscalar
colour-octet 0−+ c¯c and a magnetic constituent gluon in P-wave. They proved a selection rule that the symmetries of
the wave function forbid the decay into two S-wave charmed mesons D(∗)D¯(∗) in any potential model. For the decay
processes HB → D(∗)D¯(∗), the spatial overlap was described as
I =
∫ ∫
d~pcc¯ d~k√
2ω(2pi)6
Ψ
mHB
lHB
(~pcc¯, ~k)Ψ
mB ∗
lB
(~pB) Ψ
mC ∗
lC
(~pC)dΩ f Ym ∗l (Ω f ) , (149)
where Ψ
mHB
lHB
, ΨmB ∗lB (~pB), and Ψ
mC ∗
lC
(~pC) were the spacial wave functions for the initial hybrid state and the final D(∗)
and D¯(∗) states, respectively. The authors of Ref. [727] proved that this overlap integral vanishes in the case of two
S-wave mesons final states. Thus, the decay HB → D(∗)D¯(∗) was forbidden in any potential model. Therefore, the
hybrid charmonium HB had a relatively narrow width, which matches the experimental observation for the Y(4260).
They also suggested the decay Y(4260) → D∗∗D¯(∗) → D(∗)D¯(∗)pi′ (D∗∗ denotes a P-wave charmonium state) to be
dominant.
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Later, Close and Page also proposed the charmonium hybrid assignment to the Y(4260) [728]. They assessed
the experimental information of the Y(4260), including the near D1(2420)D¯ threshold mass, the dominant J/ψσ,
J/ψ f0(980), J/ψa0(980) decay modes and the small partial decay width Γ(Y(4260) → e+e−). All these properties
were inconsistent with those of conventional cc¯ states. They discussed the previous studies of hybrid meson decays
[724, 727] and the mass predictions for charmonium hybrids in the flux-tube model [729, 730], the UKQCD quenched
lattice QCD [731, 732, 733] and quenched lattice NRQCD [734, 735]. Accordingly, they proposed the charmonium
hybrid interpretation of the Y(4260) and suggested experimental searches for the Y(4260) in the Y(4260) → {σ, η}hc
processes [728].
In Ref. [607], Liu et al. presented a mass spectrum of the highly excited charmonium mesons and the charmonium
hybrid mesons using dynamical lattice QCD simulation. They used the operator of the general form ψ¯Γ
↔
Di
↔
D j · · ·ψ
to evaluate the two-point correlation functions, where the
↔
D=
→
D − ←D is the covariant derivative operator. Using
distillation and the variational method with a large basis of operators, they successfully computed the dynamical
spectrum of charmonium hybrids. They identied the lightest hybrid supermultiplet consisting of states with quantum
numbers JPC = (0, 1, 2)−+, 1−−, as well as an excited hybrid supermultiplet. The mass of the 1−− charmonium hybrid
in their mass spectrum was around 4.2 GeV, which allows an interpretation of the Y(4260) as a vector hybrid meson.
The mass spectra of heavy quarkonium hybrids were also studied in Coulomb gauge QCD with gluon degrees of
freedom in the mean field approximation in Ref. [736]. Their predictions of the hybrid masses were systematically
higher compared to lattice. For example, they found that the 1−+ and 1−− hybrid states lie at 4.47 GeV. This value was
heavier than the mass of the Y(4260) meson [736]. The mass of the charmonium hybrid meson was also studied in
QCD sum rules in Ref. [737, 738, 739, 740, 741, 742, 743, 744].
4.6.3. The vector tetraquark state
In Ref. [745], Maiani, Riquer, Piccinini, and Polosa proposed that the Y(4260) is the first orbital excitation of a
diquark-antidiquark state [cs][c¯s¯], and predicted that the Y(4260) should decay predominantly in DsD¯s, as well as be
seen in B non-leptonic decays in association with one kaon [568]. Later in Ref. [746], Drenska, Faccini, and Polosa
studied the [cs][c¯s¯] diquark-antidiquark particles with different JPC quantum numbers. They computed their spectrum
and decay modes within a constituent diquark-antidiquark model, and predicted mY = 4330±70 MeV for the Y(4260).
This idea was updated in their “type-II” diquark-antidiquark model, reviewed in Sec. 4.2.2, by taking into account
the orbital angular momentum between diquark and antidiquark. For this case, they used the notation |s, s¯; S , L〉J to
denote the excited tetraquark states with the total spin S = s + s¯ and total angular momentum J, where s = sqc and
s¯ = sq¯c¯ are the diquark and antidiquark spins, respectively. For tetraquark states of JPC = 1−−, there are four states
having L = 1 and one state having L = 3:
Y1 = |0, 0; 0, 1〉1 ,
Y2 =
1√
2
(
|1, 0; 1, 1〉1 + |0, 1; 1, 1〉1
)
,
Y3 = |1, 1; 0, 1〉1 , (150)
Y4 = |1, 1; 2, 1〉1 ,
Y5 = |1, 1; 2, 3〉1 .
They used a Hamiltonian containing both spin-orbit and spin-spin interactions
H = Bc
L2
2
− 2aL · S + 2κ′qc
(
sq · sc + sq¯ · sc¯
)
, (151)
and discussed possible interpretations of Y(4008), Y(4260), Y(4630), etc.
Especially, they fixed the assignment that Y(4260) = Y2 = 1√2
(
|1, 0; 1, 1〉1 + |0, 1; 1, 1〉1
)
. Hence, in their model
the Y(4260) is just the first orbital excitation of the X(3872) = 1√
2
(
|1, 0; 1, 0〉1 + |0, 1; 1, 0〉1
)
. This idea was later
used in Ref. [747] by Chen, Maiani, Polosa, and Riquer to calculate the radiative transition Y(4260) → γX(3872),
Γrad ≡ Γ(Y(4260) → γX(3872)), using a non-relativistic calculation of the electric dipole term of a diquarkonium
bound state. Specializing to I = 0 for the X(3872), they found Γrad = 496 keV for the Y(4260) with I = 0 and
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Γrad = 179 keV for I = 1. They derived upper bounds to B(Y(4260) → J/ψ + pi + pi) and to Γ(Y(4260) → µ+µ−),
which can be confronted with future data from electron-positron and hadron colliders.
The diquark-antidiquark picture for the Y(4260) was also studied in Refs. [572, 512] by Ebert, Faustov, and Galkin
in the framework of the relativistic quark model. They treated the dynamics of the light quark in a heavy-light diquark
completely relativistically, and investigated the internal structure of the diquark by calculating the diquark-gluon form
factor in terms of the diquark wave functions. They found that the Y(4260) cannot be interpreted as the 1−− 1P state
of the charm-strange diquark-antidiquark tetraquark, i.e., ([cs]S =0[c¯s¯]S =0). Instead, they found that a more natural
tetraquark interpretation for the Y(4260) is the 1−− 1P state of ([cq]S =0[c¯q¯]S =0)P−wave. The other two possibilities are
the 1−− 1P states of 1√
2
([cq]S =0[c¯q¯]S =1)P−wave − [cq]S =1[c¯q¯]S =0)P−wave) and ([cq]S =1[c¯q¯]S =1)P−wave.
The authors of Ref. [442] had studied the charmonium-like tetraquark states with JPC = 1−− in QCD sum rules.
They constructed the diquark-antidiquark tetraquark interpolating currents
J1µ = qTa Cγ5Qb(q¯aγµγ5CQ¯
T
b + q¯bγµγ5CQ¯
T
a ) − qTa Cγµγ5Qb(q¯aγ5CQ¯Tb + q¯bγ5CQ¯Ta ) ,
J2µ = qTa Cγ
νQb(q¯aσµνCQ¯Tb − q¯bσµνCQ¯Ta ) − qTa CσµνQb(q¯aγνCQ¯Tb − q¯bγνCQ¯Ta ) ,
J3µ = qTa Cγ5Qb(q¯aγµγ5CQ¯
T
b − q¯bγµγ5CQ¯Ta ) − qTa Cγµγ5Qb(q¯aγ5CQ¯Tb − q¯bγ5CQ¯Ta ) ,
J4µ = qTa Cγ
νQb(q¯aσµνCQ¯Tb + q¯bσµνCQ¯
T
a ) − qTa CσµνQb(q¯aγνCQ¯Tb + q¯bγνCQ¯Ta ) ,
J5µ = qTa CQb(q¯aγµCQ¯
T
b + q¯bγµCQ¯
T
a ) − qTa CγµQb(q¯aCQ¯Tb + q¯bCQ¯Ta ) ,
J6µ = qTa Cγ
νγ5Qb(q¯aσµνγ5CQ¯Tb + q¯bσµνγ5CQ¯
T
a ) − qTa Cσµνγ5Qb(q¯aγνγ5CQ¯Tb + q¯bγνγ5CQ¯Ta ) ,
J7µ = qTa CQb(q¯aγµCQ¯
T
b − q¯bγµCQ¯Ta ) − qTa CγµQb(q¯aCQ¯Tb − q¯bCQ¯Ta ) ,
J8µ = qTa Cγ
νγ5Qb(q¯aσµνγ5CQ¯Tb − q¯bσµνγ5CQ¯Ta ) − qTa Cσµνγ5Qb(q¯aγνγ5CQ¯Tb − q¯bγνγ5CQ¯Ta ) ,
(152)
where Q is the charm quark for charmonium-like tetraquark systems and bottom quark for bottomonium-like systems.
Using these interpolating currents, the two-point correlation functions and spectral densities were calculated up to the
dimension eight condensates in the OPE series. The mass spectrum of the 1−− charmonium-like tetraquark states was
collected in Table 27. The mass of the vector charmonium-like qcq¯c¯ tetraquark state was extracted as 4.5 − 4.8 GeV
within the uncertainties. These values were much higher than the mass of the Y(4260) meson but consistent with that
of the Y(4660). The numerical results didn’t support the tetraquark interpretation of the Y(4260) state, which was
consistent with the discussion in Ref. [722]. The vector hidden-charm and hidden-bottom tetraquark states were also
studied in QCD sum rules in Refs. [748, 749].
4.6.4. The molecular state
There are several molecular interpretations for the Y(4260) state. In Ref. [750], Yuan, Wang, and Mo interpreted
the Y(4260) as an ωχc1 molecular state and discussed both its production and decay properties [750].
Later in Ref. [236], Ding performed a dynamical study of the Y(4260) and Z+2 (4250) simultaneously in the frame-
work of the meson exchange model to see whether they could be the D1D¯ or D0D¯∗ hadronic molecule. He employed
the heavy meson chiral Lagrangian, which combines the heavy quark symmetry and the chiral symmetry. He found
that the off-diagonal interaction induced by the pi exchange plays a dominant role. The diagonal interactions contain
the σ exchange and the light vector meson exchange. The contribution of the σ exchange does not favor the formation
of the molecular state with IG(JPC) = 0−(1−−), but favors the binding of the molecule with IG(JP) = 1−(1−). He
suggested that the Y(4260) could be accommodated as a D1D and D0D∗ molecule. He also studied the bottom analog
of the Y(4260) and proposed to observe it in the pi+pi−Υ channel.
In Refs. [221, 222], Close and Downum, and Thomas studied the strong S -wave pion exchange effects, and
suggested that a spectroscopy of quasi-molecular states may arise in the case of charmed mesons D, D∗, D0, D1,
which are consistent with enigmatic charmonium states observed above 4 GeV in e+e− annihilations. They discussed
the possible interpretations of the Y(4260) being DD¯1 and D∗D¯1 bound states, and proposed to observe the DD¯pipipi
channel to compare with the DD¯pipi channel, which can be used to reveal the mixing between D∗D¯1 and DD¯1/D∗D¯0
molecular systems.
The interaction potentials between one S-wave and one P-wave heavy mesons as well as the potentials between
two P-wave heavy mesons were deduced based on a chiral quark model by Li, Wang, Dong, and Zhang in Ref. [507].
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Table 27: Mass spectrum of the charmonium-like qcq¯c¯ and scs¯c¯ tetraquark states with JPC = 1−− [442].
Current s0(GeV2) Borel window (GeV2) mX (GeV) PC(%)
qcq¯c¯
J1µ 5.02 2.9 − 3.6 4.64 ± 0.09 44.1
J4µ 5.02 2.9 − 3.6 4.61 ± 0.10 46.4
J7µ 5.22 2.9 − 4.1 4.74 ± 0.10 47.3
scs¯c¯
J1µ 5.42 2.8 − 4.5 4.92 ± 0.10 50.3
J2µ 5.02 2.8 − 3.5 4.64 ± 0.09 48.6
J3µ 4.92 2.8 − 3.4 4.52 ± 0.10 45.6
J4µ 5.42 2.8 − 4.5 4.88 ± 0.10 51.7
J7µ 5.32 2.8 − 4.3 4.86 ± 0.10 46.0
J8µ 4.82 2.8 − 3.1 4.48 ± 0.10 43.2
They concluded that the Y(4260) can not be explained as the D∗D¯∗0 molecule, but might be explained as a 0−(1−−)
DD¯1 molecule.
The interpretation of the Y(4260) as a D1D¯ molecule was also discussed in Ref. [751] by Cleven et al.. They
demonstrated that the nontrivial cross section line shapes of e+e− → J/ψpipi and hcpipi can be naturally explained by
the molecular scenario, and found a significantly smaller mass for the Y(4260). They also predicted an unusual line
shape of the Y(4260) in the DD¯∗ channel, which could be a smoking gun for a predominantly molecular nature of the
Y(4260).
The lattice QCD calculation of D and D¯1 interaction can be found in Ref. [752]. In this reference the TWQCD
Collaboration used a molecular type operator composed of D and D¯1 mesons, (q¯γ5γic)(c¯γ5q) − (c¯γ5γiq)(q¯γ5c), and
detected a 1−− signal with a mass around 4238 ± 31 MeV in quenched lattice QCD simulations with exact chiral
symmetry, which was identified with the Y(4260).
4.6.5. Non-resonant explanations
In Ref. [753], van Beveren and Rupp argued that the puzzling branching ratios of open-charm decays in e+e−
annihilations can be reasonably described with a simple form factor, which strongly suppresses open channels far
above the threshold. They applied this idea to study the e+e− → J/ψpipi data on the Y(4260) enhancement, and
obtained a good fit with a simple nonresonant cusp structure around the D∗sD¯∗s threshold. Moreover, they found the
data shows an oscillatory pattern between a fast (OZI-allowed) and a slow (OZI-forbidden) J/ψ f0(980) mode.
In Ref. [754], van Beveren, Rupp, and Segovia reconstructed the shape of the Y(4260) observed in e+e− →
J/ψpi+pi− by a stepwise study, where they considered the contributions from the open-charm thresholds like DD¯, DD¯∗,
D∗D¯∗, DsD¯s, DsD¯∗s, D∗sD¯∗s, ΛcΛ¯c, and all well-known vector charmonia (ψ(4040), ψ(4160), and ψ(4415)) with mass
above 4 GeV. Additionally, they concluded that the ψ(3D) charmonium state has been observed in a range of 4.53-4.58
GeV with a width around 40-70 MeV.
Chen, He and Liu also proposed a non-resonant explanation for the Y(4260) structure observed in the e+e− →
J/ψpi+pi− process [755], where they considered the interference of the production amplitudes of the e+e− → J/ψpi+pi−
process via the direct e+e− annihilation and through intermediate charmonia ψ(4160)/ψ(4415) (see Fig. 57). The
Y(4260) structure was reproduced well, which is shown in Fig. 58. Since the Y(4260) is not a genuine resonance
within this scheme [755], it naturally answers why there is no evidence of the Y(4260) in the exclusive open-charm
decay channels [721, 127, 126] and R-value scan [1].
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Very recently, Chen, Liu, Li and Ke [756] further pointed out that this nonresonant explanation to the Y(4260)
suggested in Ref. [755] is similar to the Fano interference effect, which extensively exists in atomic physics, condensed
matter physics and even nuclear physics, where the asymmetric line shape of the Y(4260) can be reflected by the Fano-
like interference picture [756].
cc¯
e−
e+
J/ψ
pi+
pi−
J/ψ
pi+
pi−
e−
e+
(a) (b)
Figure 57: (Color online) The diagrams relevant to e+e− → J/ψpi+pi−. Here, (a) corresponds to the direct e+e− annihilation into J/ψpi+pi−. (b) is
from the contributions of the intermediate charmonia. Taken from Ref. [755].
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Figure 58: (Color online) The comparison of the obtained fitting result (solid red line) with the experimental data (blue dots with error bar) measured
by BaBar [62]. The result is normalized to the experimental data. Taken from Ref. [755].
4.6.6. Other theoretical schemes, production and decay patterns
The Y(4260) was interpreted as a molecular state composed of two colored baryons, i.e., a baryonium state
in Refs. [757, 758]. The dynamical generation of the Y(4260) in the J/ψpipi and J/ψKK¯ systems was studied in
Ref. [759], showing that the KK¯ system clustered around the f0(980) resonance, hence providing a natural explanation
for the important J/ψ f0(980) decay mode. The Y(4260) was studied in Ref. [760] within the picture of hadrocharmo-
nium, where a compact charmonium was embedded in a light quark mesonic excitation. The coupled-channel effects
and nonresonant explanation for the Y(4260) structure were studied in Refs. [761, 755, 489], while its related threshold
effects were studied in Refs. [616, 762]. The bottom counterparts of the Y(4260), Yb, were studied in Ref. [653].
Weak productions of the Y(4260) in semi-leptonic Bc decays were studied in Ref. [697], where the Y(4260) was
treated as an excited charmonium state. Assuming the Y(4260) to be a tetraquark state with a hidden cc¯ quark pair, its
production at the LHC and Tevatron was studied via the Drell-Yan Mechanism in Ref. [763]. Assuming the Y(4260)
to be a mixture of the charmonium and exotic tetraquark state, its production in B meson decay was studied using
QCD sum rules in Ref. [764].
Assuming the Y(4260) as a hybrid state, its decays into J/ψpipi and open charm mesons were studied in Ref. [727],
and its relative decay rates into various S and P wave charm meson pairs were calculated using QCD string model in
105
Ref. [765]. Assuming the Y(4260) to be a D1(2420)D¯ molecular state, its hidden-charm, charmed pair, and charm-
less decay channels were studied via the intermediate D1D¯ meson loops with an effective Lagrangian approach in
Refs. [766, 767], while, its strong decay modes Zc(3900)±pi∓, J/ψpi+pi−, and ψ(nS )pi+pi−, were studied in Ref. [768].
The authors of Ref. [769] generalized results of lattice QCD to determine the spin-dependent symmetries and factor-
ization properties of the meson production in OZI allowed processes, which were applied to establish the structure of
the Y(4260) from its S-wave decays. The upper limit of the electron width of the Y(4260), Γ(Y(4260) → e+e−), was
determined to be 580 eV at 90% C.L. in Ref. [770] by Mo, et al..
With the spin rearrangement, the authors of Ref. [771] performed a comprehensive investigation of the decay
patterns of the Y(4260) with different inner structures such as the conventional charmonium, the molecule, the P-wave
tetraquark and the hybrid charmonium. The J/ψ (pipi)S−wave mode is suppressed in the heavy quark symmetry limit if
the Y(4260) is a molecular state and (pipi)S−wave arises from either σ or f0(980). Moreover the hybrid charmonium and
hidden-charm tetraquark have very similar decay patterns. Both of them decay into the J/ψpipi and open charm modes
easily.
4.6.7. A short summary
• There are also some non-resonant explanations for the Y(4260), such as the coupled-channel effects, the thresh-
old effects, and the Fano interference effect, etc.
• The Y(4260) may be the ψ(4S ) or ψ(3D) charmonium state in some quark models. However, there does not exist
an enhancement structure corresponding to the Y(4260) from the R value scan. The absence of the open-charm
decay channels is also hard to explain.
• Both the Y(4260) and the X(3872) were proposed as tetraquark states composed of a pair of diquark and an-
tidiquark. The Y(4260) was interpreted as the P-wave excitation of the X(3872) state. If the Zc(3885) and
Zc(4025) also turn out to be tetraquark states, the decay process e+e− → Y(4260) → pi−Zc(3885)+(→ (DD¯∗)+)
and e+e− → Y(4260)→ pi−Zc(4025)+(→ (D∗D¯∗)+) can be understood naturally. However, some QCD sum rule
calculations indicate the vector tetraquark state may lie around 4.6 GeV.
• The Y(4260) was also suggested as a D1D¯ molecular state. If the Zc(3885) and Zc(4025) are also molecular
states, the decay process e+e− → Y(4260)→ pi−Zc(3885)+(→ (DD¯∗)+) and e+e− → Y(4260)→ pi−Zc(4025)+(→
(D∗D¯∗)+) can also be understood easily. However, the discovery mode J/ψ (pipi)S−wave is strongly suppressed
in the heavy quark symmetry limit if the Y(4260) is a molecular state and (pipi)S−wave arises from either σ or
f0(980).
• The Y(4260) is a good candidate of the hybrid charmonium state with JPC = 1−−. This interpretation explains
the current experimental information, and was supported by the lattice QCD simulations.
4.7. Y(3940), Y(4140) and Y(4274)
The Y(3940) and Y(4140), which were reviewed in Sec. 2.1.1.2 and 2.1.1.3, were observed in the mass spectrum
of J/ψ + light vector meson in the B meson decay
B→ K +
{ Y(3940) =⇒ J/ψω
Y(4140) =⇒ J/ψφ
.
Besides the Y(4140), the Y(4274) reviewed in Sec. 2.1.1.3 was also observed in the J/ψφ mass spectrum in the
B+ → J/ψφK+ decay process.
4.7.1. Molecular state scheme
The Y(3940) and Y(4140) are close to the thresholds of D∗D¯∗ and D∗sD¯∗s, respectively, and satisfy an almost exact
mass relation
MY(4140) − 2MD∗s ≈ MY(3940) − 2MD∗ . (153)
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Hence, a uniform molecular picture of the Y(4140) and Y(3940) was proposed in Refs. [200, 226], where the flavor
wave functions of the Y(3940) and Y(4140) are:
|Y(4140)〉 = |D∗+s D∗−s 〉, (154)
|Y(3940)〉 = 1√
2
[
|D∗0D¯∗0〉 + |D∗+D∗−〉
]
. (155)
Moreover, the authors observed a selection rule for the quantum numbers of the Y(3940) and Y(4140) under the D∗D¯∗
and D∗sD¯∗s molecular state assignments. They argued that their widths are narrow naturally, because both the hidden-
charm and open charm two-body decays occur through the rescattering of the vector components within the molecular
states while the three- and four-body open charm decay modes are forbidden kinematically. The possible quantum
numbers of the S-wave vector-vector system are JP = 0+, 1+, 2+. However, they can only have JP = 0+ and 2+, for
the neutral D∗D¯∗ system with C = +, due to C = (−1)L+S and J = S with L = 0. This provides an important criterion
to test the molecular explanation for the Y(3940) and Y(4140).
The Y(4274) was interpreted as the S -wave DsD¯s0(2317) molecular state with JP = 0− in Ref. [230]. This inter-
pretation was supported by dynamical study of the system composed of the pseudoscalar and scalar charmed mesons.
They also investigated the S -wave DD¯0(2400) molecular charmonium as the molecular partner of the Y(4274), which
is in accord with the enhancement structure appearing at 4.2 GeV in the J/ψω invariant mass spectrum from B de-
cays [96, 97]. There might also exist structures around the thresholds of the DsD¯′s1(2460), D
∗
sD¯s0(2317), DsD¯s1(2536),
DsD¯s2(2573), D∗sD¯′s1(2460) and D
∗
sD¯s1(2536).
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Figure 59: (Color online) The mass difference ∆M = m(µ+µ−K+K−) − m(µ+µ−) distribution (histogram) for events in the B+ mass window [100].
Besides the Y(4140), one explicit enhancement appears around 4274 MeV. Here, the purple dashed line is the background from the three-body
phase space. The blue solid line is the fitting result with resonance parameters of the Y(4140) and Y(4270) resonances in Ref. [100]. The vertical
red dashed lines denote the thresholds of the D∗s D¯∗s , DsD¯s0(2317), DsD¯′s1(2460), D
∗
s D¯s0(2317), DsD¯s1(2536), DsD¯s2(2573), D
∗
s D¯
′
s1(2460) and
D∗s D¯s1(2536). Taken from Ref. [230].
The molecular explanation for the Y(3940) and Y(4140) was also studied in Refs. [226, 772, 773, 774, 775]. In
Ref. [226], the authors performed a dynamical calculation to study whether D∗D¯∗ or D∗sD¯∗s system can be bound.
They used the effective Lagrangian approach. The exchanged mesons between the D∗ and D¯∗ (D∗s and D¯∗s) include
the pseudoscalar, vector and σ mesons. The S-wave molecular solution was found for the Y(4140) and Y(3940) with
JP = 0+, 2+.
In Ref. [772], Mahajan argued that the Y(4140) is more likely to be a D∗sD¯∗s molecular state or an exotic JPC = 1−+
hybrid charmonium. He also discussed decay modes which would allow unambiguous the identification of the hybrid
charmonium option.
In Ref. [773], Branz, Gutsche, and Lyubovitskij suggested that the Y(3940) and Y(4140) are heavy hadron molec-
ular states with quantum number JPC = 0++. They evaluated widths of the strong decays Y(3940) → J/ψω,
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Y(4140)→ J/ψφ and radiative decay Y(3940)/Y(4140)→ γγ in a phenomenological Lagrangian approach, support-
ing the molecular interpretation of the Y(3940) state as a superposition of the D∗+D∗− and D∗0D¯∗0, and the Y(4140)
as a bound state of the D∗+s and D∗−s mesons. They also investigated the alternative assignment of JPC = 2++, and
obtained similar results for the strong decay widths.
In Ref. [774], Ding dynamically studied the interpretation of the Y(4140) as a D∗sD¯∗s molecule in the one boson
exchange approach, where σ, η and φ exchanges were included. He suggested the most favorable quantum number
for the Y(4140) is JPC = 0++. However, 0−+ and 2++ can not be excluded. He also proposed to search for the 1+− and
1−− partners in the J/ψη and J/ψη′ final states, which is an important test of the molecular hypothesis of the Y(4140).
In Ref. [775], Chen and Lu studied the general form of the Bethe-Salpeter wave functions for the bound states
composed of two vector fields of arbitrary spin and definite parity, and applied this framework to study the Y(3940)
as a molecule state consisting of the D∗0 and D¯∗0. They considered the attractive potential between the D∗0 and D¯∗0
including one light meson (σ, pi, ω, and ρ) exchange, and found the obtained mass of the Y(3940) is consistent with
the experimental value.
In QCD sum rules, the Y(4140) was studied as a scalar D∗sD¯∗s molecular state in Refs. [776, 777, 431]. All
these calculations obtained the masses around 4.0 − 4.2 GeV and thus supported the molecular interpretation of the
Y(4140). However, a negative result was obtained in Refs. [778, 779], in which the mass of the scalar D∗sD¯∗s molecule
was extracted at 4.3 − 4.6 GeV. The Y(3940) was studied as a D∗D¯∗ molecular state in Refs. [777, 431]. These
calculations disfavored the molecular interpretation of this state.
A mixed charmonium-molecule scenario was employed to explain the Y(3940) in Ref. [780], in which the authors
used a χc0−D∗D¯∗ current with JPC = 0++ to compute the correlation function. For the mixing angle θ = (76.0±5.0)◦,
the mass was extracted as M = (3.95 ± 0.11) GeV and the partial decay width ΓY→J/ψω = (1.7 ± 0.6) MeV.
In Refs. [781, 782], the Y(4274) was studied as a D¯sDs0 hidden-strange charmonium-like molecular state with
JPC = 0−+. The extracted masses were heavier than the mass of the Y(4274). The mass of the D¯D0 was extracted to
be (4.55 ± 0.49) GeV.
4.7.2. Other theoretical schemes, production and decay patterns
Besides the molecular picture, the Y(3940), Y(4140) and Y(4274) were investigated in some other theoretical
frameworks [783, 716, 382, 572]. In Ref. [783], Gershtein, Likhoded, and Luchinsky systematically studied heavy
quarkonia from Regge trajectories on (n,M2) and (M2, J) planes, and interpreted the Y(3940) as the χc0(2P) charmo-
nium state. This was further discussed combining the linearity and parallelism of Regge trajectories with a hyperfine
splitting relation in multiplet in Ref. [716].
In the “type-I” diquark-antidiquark model proposed by Maiani, Piccinini, Polosa, and Riquer [382], the Y(3940)
was interpreted as the 2++ S -wave state, i.e., Y(3940) = |2++〉 = |1cq, 1c¯q¯′ ; J = 2〉. In Ref. [572], Ebert, Faustov, and
Galkin studied masses of heavy tetraquarks with hidden charm and bottom in the framework of the relativistic quark
model, and their results supported the Y(3940) as a 2++ diquark-antidiquark tetraquark, i.e., ([cq]S =1[c¯q¯]S =1)J=2.
In Ref. [784], Stancu studied the spectrum of tetraquarks of type cc¯ss¯ within a simple quark model with chro-
momagnetic interaction, and suggested that the Y(4140) could possibly be the strange partner of the X(3872) in a
tetraquark interpretation. Later in Ref. [484], Patel, Shah, and Vinodkumar calculated masses of the low-lying four-
quark states in the hidden charm sector within the framework of a non-relativistic quark model, and they found that
the Y(4140) can be interpreted as the diquark-antidiquark (cq − c¯q¯) state, while it can also be interpreted as a cq¯ − c¯q
molecular-like state only if its parity is positive.
The coupled-channel effects, threshold effects and nonresonant explanation for the Y(3940), Y(4140) and Y(4274)
were investigated in Refs. [615, 600, 785]. They were also proposed as dynamically generated resonances from the
vector-vector interaction within the framework of the hidden gauge formalism in Refs. [786, 787]. Their productions
in the B meson decays were studied using the same approach in Ref. [788]. In Ref. [789], Hidalgo-Duque, Nieves,
and Pavon Valderrama proposed an effective field theory incorporating light SU(3)-flavour and heavy quark spin
symmetry to describe charmed meson-antimeson bound states. Assuming that the X(3915) and Y(4140) are D∗D¯∗ and
D∗sD¯∗s molecular states, they determined the full spectrum of molecular states with isospin I = 0, 1/2 and 1.
The weak productions of the Y(3940), Y(4140), and Y(4274) in the semi-leptonic Bc decays were studied using
light-cone QCD sum rules in Ref. [697]. The inclusive production of the χcJ in the ηb decays was studied in Ref. [790],
which may help resolve whether some of these states are excited charmonia. In Ref. [791], He and Liu investigated
the discovery potential of the Y(3940) via the photoproduction process γp→ Y(3940)p.
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Many authors investigated the decay behavior of the Y(3940), Y(4140), and Y(4274), including their hidden-
charm decay, open-charm decay, radiative decay and double-photon decay. The hidden charm decay of the Y(3940)
was investigated in Ref. [692], considering the final state interaction effect. As indicated in Ref. [200], the line shapes
of the photon spectrum of Y(4140) → D∗+s D−s γ and Y(3940) → D∗+D−γ are crucial to test the molecule assignment
of the Y(4140) and Y(3940). The radiative decay of the Y(3940) and Y(4140) was later calculated in Ref. [792].
In Ref. [793], Liu studied the hidden-charm decay of the Y(4140) assuming it as the second radial excitation of the
P-wave charmonium χ′′cJ (J = 0, 1). The upper limit of the branching ratio of the hidden charm decay Y(4140)→ J/ψφ
is of the order of 10−4 ∼ 10−3 for both charmonium assumptions for the Y(4140), which disagrees with the large
hidden charm decay pattern indicated by the CDF experiment [69]. The assumption of the Y(4140) as the second
radial excitation of the P-wave charmonium χ′′cJ (J = 0, 1) is problematic.
In Ref. [794], He and Liu investigate decay widths and line shapes of the open-charm radiative and pionic decays
of the Y(4274) with the DsD¯s0(2317) molecular charmonium assignment. Their calculation indicated that the decay
widths of Y(4274) → D+s D∗−s γ and Y(4274) → D+s D−s pi0 can reach up to 0.05 keV and 0.75 keV, respectively. The
authors suggested future experiments to search for the open-charm radiative and pionic decays of the Y(4274).
4.7.3. A short summary
• The Y(3940), Y(4140), and Y(4274) can be interpreted as the D∗D¯∗, D∗sD¯∗s, and DsD¯s0(2317) molecular states,
respectively.
• Some authors interpreted these states as the charmonium states, diquark-antidiquark tetraquark states, etc. There
are also non-resonant explanations.
4.8. Other charmonium-like states
4.8.1. Y(4008) and Y(4360)
There are not so many theoretical studies on the Y(4008) and Y(4360), whose experimental information has been
reviewed in Sec. 2.1.2.1 and 2.1.2.2, respectively. In the following, we separately introduce their theoretical research
status.
4.8.1.1. Y(4008). In Ref. [216], Liu discussed some possible assignments for the Y(4008), including both the ψ(3S )
charmonium states and the D∗D¯∗ molecular state. Within both pictures, he found that the branching ratio of Y(4008)→
J/ψpi0pi0 is comparable with that of Y(4008)→ J/ψpi+pi−. He also studied other hidden-charm and open-charm decays,
and proposed further experiments to search for missing channels DD¯, DD¯∗, χcJpi+pi−pi0, and ηcpi+pi−pi0.
These two assignments were also investigated in later studies. In Ref. [601], Li and Chao studied the higher char-
monium states in the non-relativistic screened potential model, and interpreted the Y(4008) as the ψ(3S ) charmonium
state. In Ref. [755], Chen, Ye, and Zhang studied strong decays of the radially excited ψ(33S 1) state within the 3P0
model. They found that the Y(4008) is hard to be identified with a ψ(33S 1) charmonium if it is confirmed to be
below the D∗D¯∗ threshold by experiment. However, it is probably a ψ(33S 1) charmonium once it is above the D∗D¯∗
threshold.
In Ref. [237], Ding studied the D∗D¯∗ system dynamically in the one boson exchange model, and found the in-
terpretation of the Y(4008) as a D∗D¯∗ molecule is not favored by its huge width, although it is close to the D∗D¯∗
threshold. However, in Ref. [795], Xie, Mo, Wang, and Cotanch studied tetraquark states with hidden charm within
an effective Coulomb gauge Hamiltonian approach, and found that the Y(4008) can be interpreted as the lightest 1−−
molecule with the ηhc type structure.
The Y(4008) was studied in Ref. [385] by Maiani, Piccinini, Polosa, and Riquer in their “type-II” diquark-
antidiquark model, and interpreted as Y(4008) = Y1 = |0cq, 0c¯q¯; 0, 1〉1. In Ref. [796], Zhou, Deng, and Ping also
interpreted the Y(4008) as a tetraquark state [cq][c¯q¯] with I JPC = 0 1−−. They used a color flux-tube model with a
four-body confinement potential, and interpreted the Y(4008) as a tetraquark state [cq][c¯q¯] with n2S +1LJ of 11P1.
In Ref. [756], Chen et al. proposed that the Y(4008) is not a genuine resonance, where the broad structure
corresponding to the Y(4008) in e+e− → J/ψpi+pi− can be reproduced when introducing the interference between the
continuum and background contributions.
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4.8.1.2. Y(4360). The Y(4360) was interpreted as the ψ(3D) charmonium state in Ref. [601] by Li and Chao using
the nonrelativistic screened potential model. In Ref. [797], Ding, Zhu, and Yan also interpreted the Y(4360) as a 33D1
cc¯ state, and applied the flux tube model to evaluate its e+e− leptonic widths, E1 transitions, M1 transitions and the
open flavor strong decays. It was interpreted as the 2S bound state in the D1D¯∗ system [221, 222], a hadrocharmonium
state [760], a tetraquark state [512, 796], a baryonium state [758, 239], and a charmonium hybrid state [765, 737].
The Y(4360) was interpreted as the 2S bound state in the D1D¯∗ system in Refs. [221, 222], while the Y(4260) was
assumed to be the 1S state. In Ref. [760], Li and Voloshin studied the Y(4360) within the hadrocharmonium picture,
where a (relatively) compact charmonium was embedded in a light quark mesonic excitation. They suggested that
the Y(4260) and Y(4360) are a mixture of two hadrocharmonium states, one containing a spin-triplet cc¯ pair and the
other containing a spin-singlet heavy quark pair. Based on this picture, they found a distinctive pattern of interference
between the resonances.
In Ref. [385], Maiani, Piccinini, Polosa, and Riquer studied the Y(4360) in their “type-II” diquark-antidiquark
model, and interpreted it as as the radial excitation of the Y(4008), which has been reviewed in the previous subsection,
i.e. Y(4008) = Y1 = |0cq, 0c¯q¯; 0, 1〉1. In Ref. [512], Ebert, Faustov, and Galkin calculated the masses of the excited
heavy tetraquarks with hidden charm within the relativistic diquark-antidiquark picture, and found that the Y(4360)
can be interpreted as the excited 1−− 1P [cq][c¯q¯] tetraquark state consisting of AA¯, where A is an axial vector diquark.
In contrast, the Y(4360) was interpreted as a tetraquark state [cq][c¯q¯] with n2S +1LJ of 15F1 using a color flux-tube
model by Zhou, Deng, and Ping in Ref. [796].
In Ref. [758], Qiao proposed that the Y(4360), together with the Y(4260), Y(4660) and Z+(4430), can be sys-
tematically embedded into an extended baryonium picture. Later in Ref. [239], Chen and Qiao derived the two-pion
exchange interaction potential between heavy baryon and heavy anti-baryon to see whether they can form a bound
state. They used the obtained potential to calculate heavy baryonium masses by solving the Schro¨dinger equation, and
found that the Y(4360) could be interpreted as a Λc-Λ¯c bound state.
In Ref. [765], Kalashnikova and Nefediev employed the QCD string model to calculate the masses and spin
splittings of the lowest charmonium hybrid states with a magnetic gluon. The mass of the vector charmonium hybrid
state is 4.397 GeV. They argued that strong coupling of the vector hybrid to the DD¯1 and D∗D¯0 modes can cause
considerable threshold attraction, leading to the formation of the Y(4360). Later in Ref. [737], Qiao et al. evaluated
the masses of the 1−− charmonium and bottomonium hybrids in terms of QCD sum rules. They found that the hybrid
ground state in charm sector lies in 4.12–4.79 GeV, whose mass resides between the Y(4360) and Y(4660). Hence,
they suggested that the Y(4360), as well as the Y(4660), might be charmonium hybrid candidates.
Moreover, a non-resonant description of the charmonium-like structure Y(4360) was proposed in Ref. [798]. The
authors found that the Y(4360) structure can be depicted well by the interference effect of the production amplitudes
of e+e− → ψ(2S )pi+pi− via the intermediate charmonia ψ(4160)/ψ(4415) and direct e+e− annihilation into ψ(2S )pi+pi−
(similar to that in Fig. 57). They argued that the Y(4360) is not a genuine resonance, which explains why the Y(4360)
was only observed in the hidden-charm decay channel ψ(2S )pi+pi− and not observed in the exclusive open-charm decay
channel, nor the R-value scan (see Figures 55 and 56 for more details). In Ref. [756], Chen et al. further indicated
that the Y(4360), Y(4260) and Y(4008) can be due to the Fano-like interference [798].
The Initial Single Pion Emission mechanism was also used to study the hidden-charm dipion decays of the Y(4360)
in Ref. [799]. The authors found that there exist charged charmoniumlike structures near the DD¯∗ and D∗D¯∗ thresholds
in the J/ψpi+, ψ(2S )pi+ and hc(1P)pi+ invariant mass spectra of the hidden-charm dipion decays of the Y(4360).
4.8.2. Y(4660) and Y(4630)
4.8.2.1. Y(4660). The Y(4660), which was reviewed in Sec. 2.1.2.2, was observed in the initial-state radiation process
e+e− → γISRY(4660)(→ pi+pi−ψ(3686)) [145]. In Ref. [797], Ding, Zhu, and Yan suggested that the Y(4660) is a good
candidate of the 53S 1 cc¯ state, and evaluated its e+e− leptonic widths, E1 transitions, M1 transitions and the open
flavor strong decays in the flux tube model. In contrast, the Y(4660) was assigned as the ψ(6S ) charmonium state in
the screened potential model by Li and Chao in Ref. [601]. However, in Ref. [800], van Beveren and Rupp analyzed
the shape of the threshold signals in the production cross sections of the reaction e+e− → D∗D¯∗ [130], and argued that
the Y(4660) should not be associated with the resonance poles of the cc¯ propagator.
Besides the charmonium state, the Y(4660) was interpreted as a f0(980)ψ′ bound state in Refs. [801, 802] and a
tetraquark state in Refs. [512, 385], etc. The hadro-charmonium picture was also proposed to explain the Y(4660) as
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a compact charmonium resonance bound inside an excited state of light hadronic matter by Dubynskiy and Voloshin
in Ref. [803].
In Ref. [801], Guo, Hanhart, and Meissner assumed that the Y(4660) is a f0(980)ψ′ bound state, and calculated the
invariant mass spectrum of ψ′pi+pi− as well as the corresponding pipi and K¯K spectra in its mass range. They obtained
a good description of both spectra, which suggests that the Y(4660) may be generated dynamically in the f0(980)ψ′
channel. They further proposed to measure the ψ′K¯K channel as a nontrivial test of this hypothesis. Guo, Hanhart,
and Meissner also used the heavy quark spin symmetry to study heavy meson hadronic molecules, and predicted an
f0(980)η′c bound state as the spin-doublet partner of the Y(4660) [802]. Its mass was evaluated to be 4616+5−6 MeV, and
was suggested to mainly decay into η′pipi with a width of 60 ± 30 MeV. They also predicted its decays into η′cK+K−,
η′cγγ and Λ+c Λ−c , and proposed to search for this state in the B± → η′cK±pi+pi− decay.
In Ref. [385], Maiani, Piccinini, Polosa, and Riquer studied the Y(4660) in their “type-II” diquark-antidiquark
model, and interpreted it as the radial excitation of the Y(4260), i.e., Y(4260) = Y2 = 1√2
(
|1, 0; 1, 1〉1 + |0, 1; 1, 1〉1
)
,
which has been reviewed in Sec. 4.6. In Ref. [512], Ebert, Faustov, and Galkin calculated the masses of the excited
heavy tetraquarks with hidden charm within the relativistic diquark-antidiquark picture, and found that the Y(4660)
can be interpreted as the excited 1−− 2P [cq][c¯q¯] tetraquark state consisting of S S¯ , where S is a scalar diquark. The
authors had used the 1−− 1P [cq][c¯q¯] state to explain the Y(4260) in their model.
The authors of Ref. [442] studied the charmonium-like tetraquark states with JPC = 1−− in QCD sum rules using
the interpolating currents listed in Eq. (152). The obtained masses were collected in Table 27. The masses of the qcq¯c¯
and scs¯c¯ tetraquark states were extracted around 4.5 − 4.8 GeV and 4.4 − 5.0 GeV, respectively. These masses were
consistent with the mass of the Y(4660). The Y(4660) was also proposed as the ψ(2S ) f0(980) molecular state in Ref.
[804]. The authors used a c¯cs¯s molecular current in QCD sum rules and obtained the mass m = (4.67 ± 0.09) GeV.
The initial single chiral particle emission mechanism was proposed to study the hidden-charm di-kaon decays
of the Y(4660) in Ref. [805]. The authors calculated the distributions of differential decay width, and obtained the
line shape of the J/ψK+ invariant mass spectrum of Y(4660) → J/ψK+K−. Their results suggested that there may
exist enhancement structures with both hidden-charm and open-strange decays near the DD¯∗s/D∗D¯s and D∗D¯∗s/D¯∗D∗s
thresholds. The hidden-charm di-eta decays of the Y(4660) was studied with the same approach in Ref. [806]. The
Y(4660) was used to search for the missing ψ(4S ) state in Ref. [807].
4.8.2.2. Y(4630). The Y(4630), reviewed in Sec. 2.1.2.3, was observed in the exclusive e+e− → ΛcΛ¯c cross sec-
tion [147], which might be interpreted as a baryonium state [238]. The authors of Ref. [238] performed a systematic
study of the possible loosely bound states composed of two charmed baryons or a charmed baryon and an anti-charmed
baryon within the framework of the OBE model, where the exchanged bosons include pseudoscalar mesons pi and η,
vector mesons ρ, ω, and φ, and the scalar meson σ. They also considered the S -D mixing effects for the spin-triplets.
Especially, their investigation indicated that there does exist strong attraction through the σ and ω exchanges in the
ΛcΛ¯c channel, which suggested that the Y(4630) may be interpreted as a ΛcΛ¯c bound state.
In Ref. [808], Simonov investigated the nonperturbative baryon-antibaryon production due to the double quark
pair (qq¯)(qq¯) generation inside a hadron. They applied this mechanism to study the electroproduction of ΛcΛ¯c, and
found an enhancement near 4.61 GeV. This structure was in agreement with experimental data [147], and was used to
explain the Y(4630).
In Ref. [758], Qiao proposed that the Y(4660), together with the Y(4260), Y(4360) and Z+(4430), can be sys-
tematically embedded into an extended baryonium picture. In Ref. [239], Chen and Qiao argued that it is not the
Y(4660)/Y(4630), but the Y(4260) and Y(4360), which could be interpreted as ΛcΛ¯c bound states.
In Ref. [809], the authors studied the open-charm decay Y(4630) → ΛcΛ¯c by assuming that the Y(4630) is a
charmonium-like tetraquark made of a diquark and an anti-diquark. Their results shows that the Y(4630) could be a
radially excited state of the diquark-antidiquark bound state.
4.8.2.3. Are Y(4630) and Y(4660) the same state?. The Y(4660) and Y(4630) were observed in different processes,
i.e., e+e− → γISRpi+pi−ψ(3686) [145] and exclusive e+e− → ΛcΛ¯c [147], respectively. However, their masses and
widths are consistent with each other within errors [147]. Hence, they can be the same state/structure as pointed out
in Refs. [810, 811, 812].
In Ref. [810], Bugg used the Y(4660) to explain the peak observed in ΛcΛ¯c channel at 4.63 GeV [147], and
suggested that a form factor with a reasonable radius of the interaction can provide an explanation of the shift of
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mass between the Y(4630) and Y(4660). In Ref. [811], Cotugno, Faccini, Polosa, and Sabelli analyzed the data on
the Y(4630) → ΛcΛ¯c [147] and the Y(4660) → ψ(3686)pipi [145]. They suggested that the Y(4630) and Y(4660)
correspond to a single state, called YB(4660) with MYB = 4660.7 ± 8.7 MeV and ΓYB = 61 ± 23 MeV. They further
argued that the YB(4660) is an excellent candidate for a [cd][c¯d¯] diquark-antidiquark bound state.
In Ref. [812], Guo et al. considered the ΛcΛ¯c final state interaction and proposed that the Y(4630) may be
described as the same state as the Y(4660), which is assumed as a f0(980)ψ′ bound state [801]. Moreover, the Y(4660)
was suggested to have a spin partner, which is the f0(980)η′c bound state [802]. They discussed this state, and proposed
to measure the B decays to KΛcΛ¯c and Kη′cpi+pi− to test the hypothesis that the Y(4630) and Y(4660) are the same
molecular state.
4.8.3. X(3915), X(4350) and Z(3930)
4.8.3.1. Z(3930). Until now, three charmonium-like states have been reported via the γγ fusion process by Belle (see
review in Sec. 2.1.4). Among them, the Z(3930) is a very good candidate of the charmonium χ′c2 with n
2s+1JL = 23P2
[151, 154]. According to PDG [1], the Z(3930) is the χ′c2(2P) charmonium state and the X(3915) is the χc0(2P)
charmonium state. The hyperfine splitting between the Z(3930) and X(3915) is only 6% of that between the χc2(1P)
and χc0(1P) [57], which is unexpectedly smaller than the potential model prediction [813]. Such a splitting was also
much smaller than the corresponding splitting of mχ′b2−mχ′b0 [1]. These puzzles still challenge the P-wave charmonium
assignments of the Z(3930) and X(3915) [621, 814, 58].
4.8.3.2. X(3915). The mass of the χ′c0 charmonium state was predicted to be around 3916 MeV in the GI model
[17, 813], as shown in Fig. 52. In Ref. [815], the charmonium-like state X(3915) was proposed as the first radial
excitation of the χc0(3415). The authors argued that the Z(3930), X(3872) and X(3915) may fill in the spin-triplet 2P
charmonium states as shown in Fig. 60 if one considers the strong coupled channel effects in the JPC = 1++ channel
which may lower the mass of the X(3872) [596, 601].
Figure 60: (Color online) The P-wave charmonium states [1] and the candidates for their first radial excitations. Taken from Ref. [815].
Assuming the X(3915) is the χc0(2P) charmonium state, the authors of Ref. [816] calculated the OZI-allowed
open-charm decay X(3915) → DD¯ in the 3P0 model with the Bethe-Salpeter method. They found that the node
structure in the χc0(2P) wave function leads to the narrow decay width of the X(3915). They suggested a partial decay
width ratio Γ(X(3915) → D+D−)/Γ(X(3915) → D0D¯0) = 2.3 to test the χc0(2P) assignment of the X(3915) [816].
However, Yang, Xia and Ping calculated the strong decay widths of the X(3915) as the χc0(2P) charmonium state and
obtained a much larger strong decay width than the experiment data [817]. A similar conclusion was obtained in Ref.
[818].
In Ref. [621], Guo et al. doubted the χ′c0 assignment of the X(3915). The OZI-allowed open-charm decay
X(3915)→ DD¯ generally has a larger width than that of the X(3915). The mass splitting mZ(3930) − mX(3915) = 14 ± 6
MeV was too small compared with mχc2 − mχc0 = 141 MeV. The mass splitting mZ(3930) − mX(3915) was even smaller
than mχ′b2 −mχ′b0 = 36.2 ± 0.8 MeV [1]. The authors suggested a signal for the χc0(2P) with a mass around 3840 MeV
and width about 200 MeV in the Belle [151] and BaBar [154] data for γγ → DD¯ in Ref. [819].
112
The absence of the X(3915) in γγ → DD¯ also challenges the χ′c0(2P) assignment of the X(3915) since the DD¯
was argued to be the dominant decay mode of the χ′c0(2P) [815]. In Ref. [820], Chen et al. pointed out that the
Z(3930) enhancement structure may contain both the χc0(2P) and χc2(2P) signals, according to their analysis of the
DD¯ invariant mass spectrum and cos θ∗ distribution of γγ → DD¯ (see Fig. 61 ).
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Figure 61: (Color online) (a) The best fit (red histogram) to the experimental data of the DD¯ invariant mass distributions given by Belle [151] (blue
dots with error bar) and BaBar [154] (green triangles with error bar). (b) The best fit (red histogram) to the cos θ∗ distribution of γγ → DD¯. Taken
from Ref. [820].
In Refs. [814, 58], Olsen pointed out that the χc0(2P) assignment of the X(3915) was in conflict with the experi-
ment data. If the X(3915) was the χc0(2P), the branching fraction was estimated to be B(χc0(2P) → ωJ/ψ) < 7.8%,
which was smaller than the 14.3% lower limit derived for the same quantity from the B→ KX(3915) decay rate.
The authors of Ref. [821] combined the analysis for the amplitude and the angular distribution of the γγ → DD¯
and γγ → J/ψω data from BaBar [154, 152]. They found that the assignment of 2++ to the X(3915) was more
consistent with the data. The authors argues that the X(3915) and Z(3930) are the same tensor state.
4.8.3.3. X(4350). The mass of the χc2(3P) was predicted to be 4337 MeV in the GI model [813]. Hence, the X(4350)
was interpreted as the χc2(3P) charmonium state in Ref. [815]. The authors studied its two-body open-charm decay
behaviors within the quark pair creation model. The calculations from QCD sum rules in Refs. [442, 822, 823, 824]
disfavored the assignment of the X(4350) as the exotic charmonium-like tetraquark or molecular state. The X(3915)
and X(4350) states were also studied with other methods in Refs. [825, 826, 827, 822, 828, 820, 829, 830, 831]
4.8.4. X(3940) and X(4160)
The X(3940) and X(4160) states were discovered in the double charmonium production process e+e− → J/ψX
[98, 99]. They have positive C-parity. Since the X(3940) decays into DD¯∗, its spin-parity quantum numbers can be
JP = 1+, 0−, 1−, 2− etc. The JPC = 1−+ combination was disfavored unless it’s a hybrid charmonium. As a candidate
of the charmonium state, its allowed quantum numbers are JPC = 1++, 0−+ and 2−+ etc.
4.8.4.1. X(3940). The 1++ assignment of the X(3940) was disfavored by analyzing the recoil mass distribution of the
J/ψ [42]. In Fig. 24, there were four visible enhancements corresponding to the ηc at 2980 MeV, the χc0 at 3415 MeV,
the ηc(2S ) at 3638 MeV and the X(3940) state. There was no evidence of the χc1 in Fig. 24. There was no reason to
expect the χ′c1 to be a stronger signal than the χc1 [42].
In Ref. [832], Rosner proposed the X(3940) as the ηc(3S ) charmonium state. The Regge trajectory also indicated
that the X(3940) could be the 0−+ charmonium state [783]. In Ref. [833], the authors studied the e+e− → J/ψX(3940)
process in the framework of the light cone formalism. They found that the production cross section was in agreement
with the experiment if the X(3940) is the ηc(3S ) [833]. In Ref. [834], He et al. calculated the two-body open-charm
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decay widths of the X(3940) as the ηc(3S ) charmonium state. However, a problem of the ηc(3S ) interpretation of the
X(3940) is that its mass is a bit lower than theoretical predictions [813, 601].
4.8.4.2. X(4160). The X(4160) was observed only in the D∗D¯∗ final states [148]. In Ref. [835], Chao discussed
possible interpretations for the X(4160) based on NRQCD calculations. The author first proposed the X(4160) as the
D-wave charmonium state 21D2 with JPC = 2−+ and calculated its production rate, which was only 5% of that for
e+e− → J/ψ + ηc(1S ), incompatible with the experimental observation of the X(4160). Then, Chao considered the
X(4160) as the ψ(4160). However, such a possibility was completely ruled out since the production rate was much
smaller than that for e+e− → J/ψ + J/ψ. Chao found that the production rate of e+e− → J/ψ + ηc(4S ) was not too
small in NRQCD, which was consistent with the experiment. Therefore, the X(4160) was a good candidate of the
ηc(4S ) charmonium state [835]. If so, the absence of the DD¯ decay channel can be understood easily since such a
decay is forbidden. However, the ηc(4S ) was predicted to lie higher than the X(4160) [813, 601]. He et al. indicated
that the ηc(4S ) may have a very narrow width according to their calculation [834].
The mass of the χ0(3P) was predicted to be 4131 MeV in Ref. [601]. Chao also considered the χ0(3P) interpre-
tation [835]. Such an assignment was particularly interesting if the observed broad peak around 3.8 − 3.9 GeV in the
recoil mass of the DD¯ against J/ψ in e+e− → J/ψDD¯ was due to the χ0(2P).
Molina and Oset proposed the X(4160) as an isoscalar D∗sD¯∗s molecular state with JPC = 2++ in Ref. [786].
They studied the vector-vector interaction within the framework of the hidden gauge formalism and found there exists
strong interaction to bind the D∗sD¯∗s system. A bound state was found around 4157 MeV with IG JPC = 0+2++, which
was identified as the X(4160) [786].
Using the tetraquark interpolating currents composed in Ref. [836], Chen and Zhu studied the charmonium-like
tetraquark states with JPC = 0−+ and extracted the mass around 4.55 GeV [837]. This value is much higher than
the masses of the X(3940) and X(4160) and does not support them to be charmonium-like tetraquark states. The
charmonium-like tetraquark states with the exotic quantum numbers JPC = 0−− were also studied in Ref. [837].
4.8.5. Narrow enhancement structures around 4.2 GeV in the hidden-charm channels
In Ref. [834], He et al. noticed the similarity between vector charmonium and bottomonium families. The mass
gap between the ψ(2S ) and J/ψ is almost the same as that between the Υ(2S ) and Υ(1S ) and Mψ(3S ) − Mψ(2S ) ≈
MΥ(3S ) −MΥ(2S ), where the ψ(3686) and ψ(4040) are treated as the ψ(2S ) and ψ(3S ) charmonium states, respectively.
Until now the bottomonia with the radial quantum numbers n = 1, 2, 3, 4 have been established [1]. If this mass gap
relation continues to hold for higher states with n = 3, 4 in J/ψ and Υ families, the mass of the ψ(4S ) should be
located at 4263 MeV [834]. Within this framework, the ψ(4415) cannot be treated as the ψ(4S ). Fig. 62 shows the
details of the mass gaps for the J/ψ and Υ families. This simple estimate of the mass of the ψ(4S ) [834] is consistent
with the results obtained with the screened potential in Refs. [838, 601], where the mass of the ψ(4S ) was predicted
to be 4247 MeV in Ref. [838] and 4273 MeV in Ref. [601].
He et al. [834] further calculated the partial and total decay widths of the ψ(4S ) through the quark pair creation
(QPC) model and found a very interesting result of the decay behavior of the ψ(4S ) (see Fig. 63). The total decay
width of the ψ(4S ) is stable over the corresponding R range adopted, while its partial decay widths strongly depend on
the R value. This phenomenon is due to the node effects. The predicted charmonium ψ(4S ) has a very narrow width
around 6 MeV within the QPC model. Thus, the charmonium-like states Y(4260) and Y(4360) cannot correspond to
this predicted ψ(4S ) state due to their large decay widths [834].
According to the cross sections of e+e− → hc(1P)pi+pi− at center-of-mass energies 3.90 − 4.42 GeV [160], Yuan
fitted the corresponding line shape with two Breit-Wigner functions [840]. He found a narrow structure with mass
(4216±18) MeV and width (39±22) MeV and another broad structure with mass (4293±9) MeV and width (222±67)
MeV [840]. Both structures have JPC = 1−−. The narrow structure was proposed as a good candidate of the ψ(4S )
[834].
Later, the BESIII Collaboration reported an enhancement structure in e+e− → ωχc0 [841], which has a mass
M = (4230 ± 8) MeV and width Γ = (38 ± 12) MeV. BESIII indicated that this resonance structure is different from
the Y(4260) reported in the analysis of e+e− → J/ψpi+pi− [62]. Chen, Liu and Matsuki [842] introduced the ψ(4S )
to explain the enhancement in e+e− → ωχc0. They calculated the branching ratio of ψ(4S ) → ωχc0 from the meson
loop contribution and estimated the upper limit of the branching ratio of ψ(4S ) → ηJ/ψ to be 1.9 × 10−3, which is
consistent with the experimental data [841, 843].
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Figure 62: (Color online) A comparison between the J/ψ and Υ families. Taken from Ref. [834].
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Figure 64: (Color online) A comparison of the fits to the cross section for e+e− → pi+pi−ψ(2S ) with different schemes. Taken from Ref. [807].
In Ref. [807], Chen, Liu, and Matsuki further checked the cross section for e+e− → ψ(2S )pi+pi− [145] and found
a number of events near 4.2 GeV, other than the structures of the Y(4360) and Y(4660) (see Fig. 64). If setting this
structure as the ψ(4S ), the upper limit of the branching ratio of ψ(4S ) → ψ(2S )pi+pi− can be extracted [145], i.e.,
B(ψ(4S )→ ψ(2S )pi+pi−) < 3 × 10−3, which can be understood by hadronic loop contributions [807].
Since there exist evidences of narrow structures around 4.2 GeV in e+e− → hc(1P)pi+pi− [160, 840], e+e− → ωχc0
[841], e+e− → ψ(2S )pi+pi− [145], Chen, Liu, and Matsuki performed a combined fit to these hidden-charm decay
channels under two schemes [807]. The mass and width of the ψ(4S ) were extracted to be mψ(4S ) = (4234 ± 5) MeV,
Γψ(4S ) = (29±14) MeV and mψ(4S ) = (4220±8) MeV, Γψ(4S ) = (43±9) MeV for Scheme I and Scheme II, respectively.
The narrow structure around 4.2 GeV in e+e− → hc(1P)pi+pi− [160, 840], e+e− → ωχc0 [841], e+e− → ψ(2S )pi+pi−
[145] may be due to the same state ψ(4S ).
In Ref. [842], Chen, Liu, and Matsuki discussed the possible evidence of a narrow structure around 4.2 GeV in the
Belle [721] and BaBar [130] data of e+e− → DD¯, which may correspond to the ψ(4S ) (see Fig. 65 for more details).
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Figure 65: (Color online) The experimental data of e+e− → DD¯ from the Belle [721] and BaBar [130] collaborations and the comparison with the
central masses of ψ(4040), ψ(4160), ψ(4415) and the predicted ψ(4S ). Here, the predicted mass is taken from Ref. [62]. Taken from Ref. [842].
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4.8.6. X(3823)
As indicated in Sec. 2.1.1.7, the X(3823) agrees with the theoretical predictions for the 13D2 state [113, 114, 115,
17, 116, 117]. The 13D2 charmonium state with JPC = 2−− is expected to be very narrow. Its open-charm decay
mode DD¯ is forbidden by the spin-parity symmetry. The upper limit of B(X(3823)→ χc2γ)/B(X(3823)→ χc1γ) was
measured to be < 0.41 by Belle [112], and < 0.42 by BESIII [118], consistent with the theoretical calculation for
the 13D2 state in Refs. [844, 116, 845, 846]. In addition, the partial decay width for ψ(13D2) → J/ψpi+pi− obtained
in these works was also in agreement with the observation by E705 [111]. Therefore, the X(3823) is a very good
candidate of the 13D2 charmonium state.
The charmonium state with JPC = 2−− was investigated in QCD sum rule using the interpolating current [847]
Jµν = c¯(x)(γµγ5
↔
Dν +γνγ5
↔
Dµ −23ηµνγ5
↔
D/)c(x) . (156)
The mass of the 13D2 charmonium state as m = 3.97 ± 0.25 GeV.
In Ref. [848], the authors studied the heavy meson properties within a non-relativistic constituent quark model,
including the spectroscopy and the electromagnetic, strong and weak decay processes. They obtained the mass of the
13D2 cc¯ state at 3812 MeV and the ratio B(X(3823)→ χc2γ)/B(X(3823)→ χc1γ) = 0.24.
Voloshin discussed the e+e− → pipiX(3823) process in the soft pion limit in Ref. [849]. The amplitude of this
production process was studied up to the second order in the pion momenta at different energies. The amplitude of
e+e− → pipiX(3823) rapidly grows with the momenta of the pions.
In Ref. [850], Wang et al. studied the X(3823) → J/ψpi+pi− process to identify the significance of the coupled-
channel effects. They computed the partial decay width distribution with the dipion invariant mass with both the
QCD multipole expansion method and the effective Lagrangian approach. Neglecting the coupled-channel effects,
they found the disagreement with E705 experiment in Ref. [111]. Including the coupled-channel effect of DD¯∗, they
calculated the same process and found the interference between the direct and the indirect processes [850].
In Ref. [851], the authors studied the electromagnetic transitions of the charmonium states within a constituent
quark mode. Considering the X(3823) as the ψ2(1D) state, they calculated the radiative decay widths
Γ[X(3823)→ χc0(1P)γ] ' 1.42 keV ,
Γ[X(3823)→ χc1(1P)γ] ' 227 keV , (157)
Γ[X(3823)→ χc2(1P)γ] ' 42 keV ,
in which the χc1(1P)γ was a dominant decay mode. The ratio Γ[X(3823) → χc2(1P)γ]/Γ[X(3823) → χc1(1P)γ] '
19% was in agreement with the observations < 42% [118].
4.8.7. A short summary
• The Y(4008) was explained as the ψ(3S ) charmonium state, the D∗D¯∗ or ηhc molecular state, and the diquark-
antidiquark tetraquark state. There are also non-resonant explanations.
• The Y(4360) was explained as the ψ(3D) charmonium state, the 2S D1D¯∗ molecule, a hadrocharmonium state,
a diquark-antidiquark tetraquark state, a baryonium state, and a charmonium hybrid state. Non-resonant expla-
nation was also proposed, such as the Fano-like interference.
• The Y(4660) was assigned as the 53S 1 or ψ(6S ) charmonium state, the f0(980)ψ′ bound state, and a diquark-
antidiquark tetraquark state. The Y(4630) was assigned as the ΛcΛ¯c baryonium bound state. The Y(4660) and
Y(4630) may be the same state.
• In PDG [1], the X(3915) and Z(3930) were assigned as the χ′c0(2P) and χ′c2(2P) charmonium states, respectively.
This assignment is challenged by the small hyperfine splitting and the absence of the X(3915) in γγ → DD¯.
• The X(3940) and X(4160) were suggested as the ηc(3S ) and ηc(4S ) charmonium state, respectively.
• The X(4350) was interpreted as the χc2(3P) charmonium state.
• The X(3823) is the 13D2 charmonium state with JPC = 2−−.
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5. Outlook and summary
Since 2003, many charmonium-like/bottomonium-like XYZ states have been observed. Recently two hidden-
charm pentaquarks Pc were observed by LHCb. Some of these states do not fit into the quark model spectrum easily.
They are good candidates of the hidden-charm tetraquark and pentaquark states and enable us to carry out intensive
studies of the exotic hadronic matter, which is one of the most important issues in hadron physics. These states provide
us an ideal platform to deepen our understanding of the non-perturbative QCD.
In the past 13 years, the observations of the XYZ and Pc states have inspired theorist’s extensive interests in reveal-
ing their underlying structures. There have accumulated a huge number of theoretical papers on these states, which
cover their mass spectroscopy, other static properties, reaction, decay and production behaviors. Various schemes
were proposed such as the conventional charmonium states, molecular states, tetraquark states, hybrid charmonium
states and so on.
In this report, we have tried our best to summarize the experimental and theoretical progresses on the hidden-charm
multiquark states in order to gain some valuable lessons from the extensive research in the past 13 years.
5.1. Current status and future confirmation of the hidden-charm multiquark states
We collect all the hidden-charm tetraquark and pentaquark states in Tables 28, 29 and 30. We award an overall
status ∗ ∗ ∗ ∗ to those states which have been firmly established by two or more collaborations in two or more decay
modes, and ∗ ∗ ∗ to states which have been well established in a single decay mode by two or more collaborations.
The states with ∗ ∗ ∗ ∗ and ∗ ∗ ∗ are listed in Tables 28 and 29. We award ∗∗ to those states which have been well
established in several decay modes by one collaboration, and ∗ to those states which was only observed in a single
decay mode by one collaboration. The states with ∗∗ and ∗ are listed in Table 30.
The Y(4660) and Y(4630) may be the same state. The Zc(3900) and Zc(3885) are probably the same state. The
Zc(4020) and Zc(4025) are probably the same state. We award ∗ ∗ ∗ ∗ to them. The Belle and LHCb experiments
observed the Z+(4430), while the BaBar experiments did not. Moreover, it has only been observed in the B →
KZ+(4430)(→ ψ(3686)pi+) decay process. So we awarded ∗ ∗ ∗ to the Z+(4430).
Future experimental confirmation of those states which were observed in a single decay mode by one collaboration
is crucial. Some states were observed in the hidden-charm decay modes. It is also important to search for their open-
charm and charm-less decay modes. For example, the Y(4260) was observed in J/ψpipi, piZc(3900) and piZc(4020). Its
open-charm modes are still missing.
The two Pc states were observed in the J/ψp mode. If they are molecular states, their open-charm decay modes
may be dominant. The compact “genuine” pentaquark states confined within one MIT bag may mainly decay into
the J/ψp mode. The dynamically generated hidden-charm baryons are generally narrow. The sum of their charm-
less partial decay widths is larger than their hidden-charm widths. This feature is characteristic of the dynamically
generated resonance and the unitary approach. The observation of significant charm-less decay modes will support
the Pc states as the dynamically generated resonance within the unitary framework.
5.2. Non-resonant schemes
The Pc and some charmonium-like and bottomonium-like states are very close to the two open-charm/bottom
hadron thresholds. Various final state interactions may generate enhancement structures. For example, the cusp effect
was proposed to explain the Z+c (4430) [519], Zb(10610) and Zb(10650) [449, 451]. The initial single pion emission
mechanism was applied to interpret the charged Zb and Zc structures [452, 491]. The triangle singularities were
employed to understand the Zb, Zc and Pc structures [450, 397, 399, 401, 398].
There are different versions of the non-resonant schemes and their conclusions are not totally the same. Generally
it is not easy to distinguish the exotic state assignment from the non-resonant schemes. With more precise experi-
mental data, the partial wave analysis and the establishment of the phase motion of the signal will be helpful to test
different scenarios.
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5.3. Partner states
The hidden-charm pentaquark states Pc(4380) and Pc(4450) shall be accompanied by their hidden-bottom and
doubly heavy pentaquark states. The hidden-charm tetraquark states can also have hidden-bottom partner states. For
example, the X(3872) was interpreted as either a diquark-antidiquark state or a DD¯∗ molecular state. Within both
schemes its bottom partner Xb was suggested to exist: the mass of the 1++ [bq][b¯q¯] tetraquark was predicted to be
10504 MeV in Ref. [444], and the mass of the 1++ BB¯∗ molecular state was predicted to be 10580 MeV in Ref. [439].
Hence, the search of the Xb state is of particular importance to all the hidden-charm and hidden-bottom tetraquark
states. Indeed, the observations of these predicted partner states would be the most powerful support of the relevant
methods/models.
Within the tetraquark scheme, lots of XYZ partner states were predicted. Especially, in the “type-I” diquark-
antidiquark model [382], six [cq][c¯q¯′] states were constructed, including two states with JPC = 0++, one state with
JP = 1++, two states with JP = 1+−, and one state with JPC = 2++. Among them, the 1++ state was used to fit the
X(3872). This idea was developed in Ref. [569] by Maiani, Polosa, and Riquer, where they further proposed four
states with JP = 1+: Xu = [cu][c¯u¯], Xd = [cd][c¯d¯], X+ = [cu][c¯d¯], and X− = [cd][c¯u¯]. However, the two charged
states, as partners of the X(3872), were not observed in B meson decays [571]. Now, this “type-I” diquark-antidiquark
model has been updated to the “type-II” diquark-antidiquark model, which can explain the quantum numbers of many
XYZ states as well as their decay patterns, but still can not explain why the charged partners of the X(3872) have not
been observed in B meson decays and other experiments [385].
There are also many XYZ partner states within the molecular scheme. We take the Zb(10610) and Zb(10650) as
an example, which were interpreted as the isovector BB¯∗ and B∗B¯∗ molecular states of IG JP = 1+1+ [204]. Several
other molecular states were predicted as their partners, including isoscalar BB¯∗ molecular states of IG JPC = 0−1+−
and 0+1++, and isoscalar B∗B¯∗ molecular states of 0+0++, 0−1+−, and 0+2++, etc. Generally speaking, the isoscalar
molecular states are bound more tightly than their isovector partners when their other quantum numbers are the same.
5.4. Connections between different XYZ states
The observed XYZ states are not isolated since there may exist connections between different XYZ states, which
are shown in Fig. 66. We need to emphasize the similarities existing in some of the observed XYZ states, which may
provide us some important clues to their inner structures. For example,
• The similarity between the Y(3940) and Y(4140) inspired the explanation of the D∗D¯∗ and D∗sD¯∗s molecular
states to the Y(3940) and Y(4140), respectively [200] (see review in Sec. 4.7).
• A unified Fano-like interference picture was proposed to explain the Y(4260), Y(4360) and Y(4008) due to their
similarity [756] (see review in Sections 4.6 and 4.8.1).
The radiative transition Y(4260)→ γX(3872) encodes important information on their inner structure. If X(3872) =
χc1(2P), the Y(4260) may favor the higher charmonium assignment, since Y(4260) → γX(3872) is a typical E1
transition.
We want to emphasize the importance of finding the connections between different XYZ states. As shown in Fig.
66, the present observed connections between different XYZ states are not abundant. Future experimental efforts on
the transitions between different XYZ states will shed light on their inner structures.
5.5. Open-charm, pionic and radiative decays
The hidden-charm multiquark states have many different inner structures, which lead to very different decay
patterns. Especially, the ratio of their open-charm and hidden-charm decay widths is very sensitive to their underlying
structures.
In certain cases, either the XYZ states or the final states belong to the same multiplet which have the same spatial
wave function. In the heavy quark symmetry limit, there generally exist model-independent ratios of the decay
widths of various decay processes. These ratios are sensitive to different theoretical models and encode important
information of their inner structures. Let’s take the molecular assignment as an example. For the charmonium-like
molecular states, we collect some ratios of their strong and radiative decays derived through the spin rearrangement
scheme in the heavy quark symmetry limit [458, 459]:
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Y(4260)
Y(4008)
Y(4360)
Y(4660)
Y(4660)
X(3872)
Y(3940)
Y(4140)
Y(4274)
Z+(4430)
Z+(4240)
ZC+(4200)
Z+(4051)
Z+(4248)
ZC(3900)
ZC(4025)
ZC(3885)
ZC(4020)
+π
+γ 
X(3823) +2π
X(3940)
X(4160)
X(3915)
X(4350)
Z(3930)
Figure 66: (Color online) The connections between different XYZ states. Here, the states are marked by the same color background if they have the
same production and decay modes, while the states listed in the same column are of similar color background if they have similar decay mode. The
red, blue and grey arrows show that there exist pionic, dipion and radiative transitions between XYZ states, respectively. Additionally, the states
listed in the same column have the same production mode (see the categorization shown in Table 2).
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1. Assuming the Y(4260) and Y(4360) to be the isoscalar D1D¯ and D1D¯∗ molecular states, respectively, the ratios
of their pionic decays were evaluated to be
Γ(Y(4260)→ χc0pi+pi−pi0) : Γ(Y(4260)→ χc1pi+pi−pi0) : Γ(Y(4260)→ χc2pi+pi−pi0) = 4 : 3 : 5 (2.11 : 1 : 1.28) ,
Γ(Y(4360)→ χc0pi+pi−pi0) : Γ(Y(4360)→ χc1pi+pi−pi0) : Γ(Y(4360)→ χc2pi+pi−pi0) = 4 : 3 : 5 (1.94 : 1 : 1.36) ,
where the ratio in the bracket is the result considering the phase space factors. The ratios of their radiative
decays were evaluated to be
Γ(Y(4260)→ χc0γ(E1)) : Γ(Y(4260)→ χc1γ(E1) : Γ(Y(4260)→ χc2γ(E1) = 4 : 3 : 5 (1.8 : 1 : 1.4) ,
Γ(Y(4360)→ χc0γ(E1) : Γ(Y(4360)→ χc1γ(E1) : Γ(Y(4360)→ χc2γ(E1) = 4 : 3 : 5 (1.8 : 1 : 1.4) .
2. Assuming the X(3872) to be the isoscalar DD¯∗ molecular state, the ratio of their radiative decays was evaluated
to be
Γ(X(3872)→ ψ(13D1)γ(E1)) : Γ(X(3872)→ ψ(13D2)γ(E1) = 1 : 3 (1 : 2.9) .
3. Assuming the Zc(3900) and Zc(4020) to be the charged isovector DD¯∗ and D∗D¯∗ molecular states, respectively,
the ratios between their decay widths were evaluated to be
Γ(Zc(3900)→ J/ψpi0)
Γ(Zc(4020)→ J/ψpi0) = 1 : 1 (1 : 1.07) ,
Γ(Zc(3900)→ ηcρ0)
Γ(Zc(4020)→ ηcρ0) = 1 : 1 (1 : 2.47) ,
Γ(Zc(3900)→ ηcγ(E1)
Γ(Zc(4020)→ ηcγ(E1) = 1 : 1 (1 : 1.30) .
4. Assuming the Y(3940) and Y(4140) to be the D∗D¯∗ and D∗sD¯∗s molecular states of JPC = 0++, respectively, the
ratios between their decay widths were evaluated to be
Γ(Y(3940)→ J/ψγ(E1)
Γ(Y(4140)→ J/ψγ(E1) = 1 : 1 (1 : 1.6) ,
Γ(Y(3940)→ hcγ(M1)
Γ(Y(4140)→ hcγ(M1) = 1 : 1 (1 : 2.8) ,
Γ(Y(3940)→ ψ(13D2)γ(E1)
Γ(Y(4140)→ ψ(13D2)γ(E1) = 1 : 1 .
While, assuming them to be the D∗D¯∗ and D∗sD¯∗s molecular states of JPC = 2++, respectively, their E1 transition
ratios were evaluated to be
Γ(Y(3940)→ ψ(13D1)γ(E1) : Γ(Y(3940)→ ψ(13D2)γ(E1) : Γ(Y(3940)→ ψ(13D3)γ(E1) = 1 : 15 : 84 ,
Γ(Y(4140)→ ψ(13D1)γ(E1) : Γ(Y(4140)→ ψ(13D2)γ(E1) : Γ(Y(4140)→ ψ(13D3)γ(E1) = 1 : 15 : 84 .
5.6. Hidden-charm baryonium or dibaryons with two charm quarks
The observation of the XYZ and two Pc states opened a window to explore the hidden-charm four-quark and five-
quark matter. One has good reasons to expect the existence of the hidden-charm baryonium [423, 421], which is the
six-quark matter.
The possible S-wave hidden-charm baryonia with configurations ΛcΛ¯c, ΣcΣ¯c, and ΛcΣ¯c may lie slightly below the
thresholds of ΛcΛ¯c, ΣcΣ¯c, and ΛcΣ¯c, which are 4573 MeV, 4740 MeV, and 4908 MeV, respectively. These states may
be searched for through the hidden-charm decay modes such as J/ψ or ηc plus 1pi, η, 2pi, 3pi or other light hadrons in
the B and Bs decays at LHCb. Their open-charm decays include a pair of charmed and anti-charmed mesons, or a pair
of charmed baryon and anti-baryon etc. The hidden-bottom baryonia may also exist.
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The existence of the XYZ and Pc states also implies the possible existence of the doubly charmed/bottomed molec-
ular systems and doubly charmed/bottomed tetraquark or pentaquark systems. Especially the dimeson, dibaryon and
pentaquark molecular systems with two charm/bottom quarks are particularly interesting, which have have been
studied using various models [852, 853, 854, 855, 856, 857], QCD sum rules [858, 859] as well as the lattice
QCD [860, 861, 862]. These hadrons may be produced either at LHC or through heavy ion collisions or through
higher bottomonium decays.
5.7. Future facilities
As shown in Tables 29 and 30, many XYZ states were only observed in one decay channel. Finding more decay
modes is important to reveal their structures and distinguish different theoretical models. Although more than 20
charmonium-like XYZ states and two hidden-charm pentaquark states were observed, we still do not know much
about them.
The hadron spectroscopy is a data-driven field. It is inspiring to take a look at the current experiments (BESIII,
LHCb, and CMS) and the forthcoming experiments (BelleII and PANDA), all of which have contributed or will
contribute to the study of the charmonium-like multiquark states. Other collaborations such as COMPASS may also
have the potential to contribute to this field. See also discussions in Ref. [59].
1. BESIII: The whitepaper of BESIII was finished in 2008 [863]. The “Charmonium Physics” was one of its
important subjects. With the upgrade of BEPCII’s LINAC in 2012, its center-of-mass energy reaches 4.6 GeV.
One year later, the Zc(3900) [64] and the Zc(4020) were observed [161]. BESIII has collected lots of data
samples ranging from 3.8 to 4.6 GeV, which is an ideal platform to study the charmonium-like physics.
2. LHCb: The whitepaper of LHCb was also written in 2008 [864]. Its primary goal was to study the CP violation
and rare decays of beauty and charm hadrons. The decay mode Λ0b → J/ψpK− was first observed in 2013 [865].
Two years later, the two hidden-charm pentaquark states Pc(4380) and Pc(4450) were discovered [2]. Its current
performance can be found in Ref. [866]. LHCb has the world’s largest sample of exclusively reconstructed
charm and beauty decays, and is also an ideal platform to study the charmonium-like physics. Moreover, with
the update of LHC, LHCb would probably be able to study the charm-bottom and bottomonium-like tetraquarks
and pentaquarks.
3. CMS: The whitepaper of CMS was again written in 2008 [867], where its primary goal was to study the
Higgs mechanism. To meet this goal, its detector is at the energy frontier. CMS may also contribute to the
charmonium-like states.
4. BelleII: As the update of Belle, BelleII was designed at the rare/precision frontier to observe signatures of new
particles or processes [868]. The “Charmonia and new particles” is one of its goals [869]. BelleII is another
ideal platform to study the charmonium-like, charm-bottom and bottomonium-like tetraquarks and pentaquarks.
5. PANDA: PANDA is another forthcoming experiment to study the hadron spectroscopy up to the region of
charm quarks [870]. It is also an ideal platform to study the charmonium-like tetraquark and pentaquark states.
Moreover, it is designed to study other exotic hadrons, such as the hybrid charmonium states, glueballs, etc.
5.8. Outlook
A large basis of interpolating fields are used to study the X(3872) in a recent lattice QCD simulation, including
Oc¯c, ODD∗ , OJ/ψω (for I = 0), OJ/ψρ (for I = 1) and the diquark-antidiquark interpolators [610]. This dynamical
lattice QCD simulation was performed with N f = 2 and mpi = 266 MeV. The discrete scattering states were obtained.
The contributions of different operators were isolated [610], which helps us understand the structure of the X(3872)
greatly. Hopefully future dynamical simulations on the other important states such as the Y(4260), Zb and Zc will be
achieved soon. Especially the dynamical simulations with mpi very close to 140 MeV shall play a pivotal role in the
confirmation of the molecular scheme.
On the other hand, BESIII has been continuing collecting data. More interesting results on the XYZ states are
expected. With the discovery of the two Pc states, more partner states may be observed at LHCb. One also anticipates
more experimental measurements on the XYZ states from CMS. In the near future, BelleII will start collecting data,
which is an ideal factory of the hidden-charm multiquark states as emphasized in Sec. 4.1.5.
Since the discovery of the J/ψ, the past 13 years may be the most important period in the development of hadron
spectroscopy. More excitement, puzzles and surprises are waiting for us in the coming golden decade. Let’s cherish
all the expected and embrace all the unexpected.
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ore
than
one
collaborations:
X
(3872)and
Y
(4260).
States
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]
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]
I G
J
PC
/IJ
P
O
bservation
N
ote
X
(3872)
∗∗∗∗
3871
.69±
0
.17
[1]
<
1
.2
[1]
0
+1
+
+
B→
K
X
(3872) 
→
J/ψ
ρ
0,J/ψ
pi
+pi −
→
J/ψ
ω
(→
pi
+pi −pi
0)
→
D
0D¯
∗0,D
0D¯
0pi
0
→
γJ/ψ
,γ
ψ
(3686)
pp¯→
···
+
X
(3872)(→
J/ψ
pi
+pi −)
pp→
···
+
X
(3872) 
→
J/ψ
pi
+pi −
→
γJ/ψ
,γ
ψ
(3686)
e
+e −[→
Y
(4260)]→
γX
(3872)(→
J/ψ
pi
+pi −)
B
elle
[63],B
aB
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B
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[75],B
aB
ar[90]
B
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[76],B
aB
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B
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aB
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C
D
F
[67],D
0
[68]
L
H
C
b
[91],C
M
S
[73]
L
H
C
b
[92]
B
E
SIII[93]
Y
(4260)
∗∗∗∗
4251±
9
[1]
120±
12
[1]
0 −1 −−
e
+e −→
γ
ISR Y
(4260) 
→
J/ψ
pi
+pi −
→
J/ψ
f0 (980)
→
J/ψ
pi
0pi
0
e
+e −→
Y
(4260) 
→
pi −Z
c (3900)
+(→
J/ψ
pi
+)
→
pi −Z
c (3885)
+(→
(D
D¯
∗)
+)
→
pi −Z
c (4020)
+(→
h
c pi
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→
pi −Z
c (4025)
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(D
∗D¯
∗)
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e
+e −[→
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J/ψ
pi
+pi −)
B
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L
E
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L
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